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CELLULOSE TO COKE BOTTLES
Abstract
This project explores the plant-scale process design and economic viability of production of ethylene glycol
using a patented direct route from cellulose. Switchgrass was selected as the source of cellulose because it is a
low-cost, non-feedstock plant capable of growing under a variety of conditions. The plant is designed to
produce 100 million pounds of 99.5 % pure ethylene glycol which is the required purity for ethylene glycol
used in plastic bottle production. The project is environmentally friendly and meets the Federal and state
emission regulations.
The process design consists of three major components: pre-treatment, reaction and separation. In the pre-
treatment stage, the switchgrass is ground and cellulose is extracted using highly dilute base. The reaction
occurs in water solvent under 5 MPa of hydrogen in a fixed bed catalytic reactor with a retention time of 30
minutes. The ethylene glycol product is separated from the solvent and byproducts by flash vessels and
column distillation in order to attain 99.5 % purity. A side product, propylene glycol, is also produced at 99.5
% purity and is separated in a similar fashion.
For the economic analysis, the plant was assumed to be located in Tennessee (near the Gulf Coast) where
switchgrass is readily available. The total capital investment is $349,000,000, including a working capital of
$7,747,000. The process is sensitive to the amount of solvent used. In the base case scenario using the same
amount of solvent as used in the patent with ethylene glycol priced at $0.50/lb, propylene glycol byproduct
priced at $0.78/lb, switchgrass priced at $50/dry ton, hydrogen priced at $1.00/lb, and catalyst priced at
$5.08/lb, the net present value (NPV) of the project is negative $565,500,000 based on an interest rate of
15%, and the investor’s rate of return (IRR) is negative. The process is not profitable under the current
conditions but may become profitable with advances in technology as described by the sensitivity analysis
section of the report. Although the current version of the process is unprofitable, it is expect that the further
development of the technology described in the referenced patent will allow for profitable future versions of
this process, and it is recommended by the design team that the management retain this report for future
reference
This working paper is available at ScholarlyCommons: http://repository.upenn.edu/cbe_sdr/44
Department of Chemical & Biomolecular Engineering 
 
Senior Design Reports (CBE) 
 
University of Pennsylvania                                                                                                               Year 2012 
 
 
 
CELLULOSE TO COKE BOTTLES 
 
Process for converting switchgrass to ethylene glycol  
 
Quyen Dinh                   
University of Pennsylvania         
 
Dominique Ingato 
University of Pennsylvania 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bill Evangelista 
University of Pennsylvania 
 
Brian Leone 
University of Pennsylvania       
 2 
University of Pennsylvania 
School of Engineering and Applied Sciences 
Department of Chemical & Biomolecular Engineering 
220 South 33
rd
 Street 
Philadelphia, PA 19104 
 
April 10
th
, 2012 
 
Dear Professor Fabiano and Dr. Lee, 
 
 This report describes the possibility of plant-scale production of ethylene glycol using a 
direct route from cellulose as patented in U.S. Patent 7960594.  This project was proposed by  
Mr. Bruce M. Vrana. 
 
 Included in this report is the process equipment required to produce 100 million pounds 
of 99.5 % pure ethylene glycol per year and a profitability analysis for this process.  Since all 
required equipment and chemicals are currently available on the market, the implementation of 
this process is feasible.  Unfortunately, the process is not profitable at this point.  
 
 The environmentally beneficial process could be profitable if subsidized by the 
government.  Also, if the technology needed for this process is developed further, a profitable 
process may be possible as discussed in the sensitivity analysis included in this report. In the case 
of a profitable process, we suggest a plant design consisting of a pre-treatment section to prepare 
cellulose from switchgrass, a fixed bed catalytic reactor with a retention time of 30 minutes, and a 
separation section consisting of four flash vessels followed by three column distillation towers to 
separate the ethylene glycol from solvent and byproducts.   
 
At a price of $0.50 per pound of ethylene glycol, the current process yields a net present 
value of negative $565,500,000 and a negative investor’s rate of return.  Using sensitivity 
analysis and cost estimation, a five-fold increase in the concentration of cellulose would result in 
a profitable process with an IRR of 15.6%.  At this time, there is not enough laboratory data to 
determine whether this increase in concentration would have negative effects on the yield of 
ethylene glycol.  Other factors, including product price, have an extreme effect on the economic 
analysis and are discussed further in this report.  However, our conclusion is that, based on 
current technology, the process is not economically feasible. 
 
If you have any questions or concerns, please do not hesitate to contact us. Thank you for 
your support over the course of the semester and your consideration regarding this report. 
 
 
Sincerely, 
 
 
 
Quyen Dinh                 Bill Evangelista                Dominique Ingato               Brian Leone 
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1.0 Abstract 
 
This project explores the plant-scale process design and economic viability of 
production of ethylene glycol using a patented direct route from cellulose.  Switchgrass 
was selected as the source of cellulose because it is a low-cost, non-feedstock plant 
capable of growing under a variety of conditions.  The plant is designed to produce 100 
million pounds of 99.5 % pure ethylene glycol which is the required purity for ethylene 
glycol used in plastic bottle production.  The project is environmentally friendly and 
meets the Federal and state emission regulations.   
The process design consists of three major components: pre-treatment, reaction 
and separation.  In the pre-treatment stage, the switchgrass is ground and cellulose is 
extracted using highly dilute base.  The reaction occurs in water solvent under 5 MPa of 
hydrogen in a fixed bed catalytic reactor with a retention time of 30 minutes.  The 
ethylene glycol product is separated from the solvent and byproducts by flash vessels and 
column distillation in order to attain 99.5 % purity.  A side product, propylene glycol, is 
also produced at 99.5 % purity and is separated in a similar fashion. 
For the economic analysis, the plant was assumed to be located in Tennessee 
(near the Gulf Coast) where switchgrass is readily available.  The total capital investment 
is  $349,000,000, including a working capital of $7,747,000.  The process is sensitive to 
the amount of solvent used.  In the base case scenario using the same amount of solvent 
as used in the patent with ethylene glycol priced at $0.50/lb, propylene glycol byproduct 
priced at $0.78/lb, switchgrass priced at $50/dry ton, hydrogen priced at $1.00/lb, and 
catalyst priced at $5.08/lb, the net present value (NPV) of the project is negative 
$565,500,000 based on an interest rate of 15%, and the investor’s rate of return (IRR) is 
negative.  The process is not profitable under the current conditions but may become 
profitable with advances in technology as described by the sensitivity analysis section of 
the report.  Although the current version of the process is unprofitable, it is expect that 
the further development of the technology described in the referenced patent will allow 
for profitable future versions of this process, and it is recommended by the design team 
that the management retain this report for future reference. 
 
 8 
 
 
 
 
INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 9 
 
2.0 Introduction 
 
2.1 Project Charter 
 
Project Name Cellulose to Coke Bottles 
Project Advisors Mr. Bruce M. Vrana and Professor Daeyeon Lee 
Specific Goals To produce 100 million pounds per year of at least 99.5 % pure 
ethylene glycol product by mass from cellulose. 
Project Scope n environmentally friendly process to produce and 
purify ethylene glycol from cellulose obtained from non-food 
biomass 
 economic feasibility of the design 
Deliverables/Timeline  
-sheet 
 
 
 
 
 
Jan 31 
Feb 21 
Mar 20 
Mar 27 
Apr 3 
Apr 10 
Apr 17 
 
2.2 Project Motivation 
 
 The Coca-Cola Company unveiled a plan to reduce its use of nonrenewable 
resources as well as its carbon footprint in 2009.  The Coca-Cola Company has 
developed a new plastic bottle partially made from plants, and this PlantBottle
TM
 is fully 
recyclable and more environmentally friendly than traditional petroleum-based PET 
plastic bottles.  Traditional plastic bottles are made from petroleum, a nonrenewable 
resource.  However, PlantBottle
TM
 replaces up to 30% of the petroleum with ethylene 
glycol from plant-based, environmentally friendly materials.  The company’s first version 
of the plant-based plastic bottles relies on sugar cane and molasses for the plant-based 
materials.  However, this raises the issue of “food versus chemicals.” (Mohan, 2009)  
More importantly, sugar cane requires a tropical climate and is not a sustainable crop in 
the United States.    
 In June 2011, a novel process converting cellulose directly to ethylene glycol was 
patented by researchers at the Dalian Institute of Chemical Physics. (Ji et al., 2008)  The 
most abundant source of biomass, cellulose cannot be digested by humans and would not 
impact the food supply.  The goal of this project is to design an environmentally friendly 
process for the production of ethylene glycol from non-food sources of cellulose.  Studies 
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by the Imperial College of London indicate that the production of an improved 
PlantBottle
TM
 has the potential to reduce carbon emissions by up to 25% as compared to 
traditional plastic bottles. (Mohan, 2009)  There are various sources of cellulose in the 
United States and this project would be domestically sustainable. 
 
2.3 Methods of Production 
 
 After exploring several reactor options, a fixed-bed plug-flow reactor (FBPFR) 
method of production was chosen.  The FBPFR allows for continuous production as 
compared to a batch reactor, and it also avoids the problem of having a catalytic slurry 
which would have to be separated from the reactor effluent.  The plant uses switchgrass 
as a source of cellulose.  Not only is switchgrass a source of non-food biomass, it also has 
an extremely high cellulosic content and easily adapts to a variety of soil and climate 
conditions. (Bates, n.d.)  The reaction takes place under pressurized hydrogen, which is 
introduced to the reactors with a sparger, and a purge controls the concentration of 
gaseous byproducts.  A major challenge in this process involves the separation of several 
liquid byproducts including propylene glycol, erythritol, mannitol, sorbitol, sorbitan, and 
2,5-dihydroxymethyltetrahydrofuran.  The final product stream consists of 99.5% pure 
ethylene glycol by mass.  A byproduct, propylene glycol, will be purified to 99.5% purity 
and sold.  
 
2.3.1 Raw Materials 
 
 The raw materials necessary for this process include water, hydrogen gas, 
switchgrass and a Ni-W (15% Ni- 25% W) catalyst on activated carbon.  The pre-
processing of the switchgrass requires 1 wt % NaOH in water.  Water, hydrogen, sodium 
hydroxide and switchgrass are readily available for purchase for the prices listed in Table 
1 below: 
 
Raw Material Price ($) per pound 
Water          
Hydrogen gas      
NaOH       
Switchgrass          
Table 1. Cost of raw materials. 
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Note that the hydrogen listed is supplied by pipeline at 68
o
F and 300 psia.  The 
switchgrass is obtained from farmland in Tennessee at the price of $50/dry ton.  The    
Ni-W catalyst is not a standard catalyst and will be purchased from a specialty catalyst 
company based upon specifications found in U.S. Patent 7,960,594.  The price of the 
catalyst will be estimated as the price of the pure metals and activated carbon, $5.08/lb. 
 
2.3.2 Reaction  
 
The reaction introduced by U.S. Patent 7960594 is novel.  The patent describes 
the reaction as summarized in Figure 1 below. (Ji et al., 2008) 
 
Figure 1. Reaction showing direct catalytic conversion 
of cellulose to ethylene glycol as described in U.S. Patent 7960594 
 
In order to determine more detailed information regarding the liquid byproducts of the 
reaction, data from a paper by the patent authors including HPLC analysis of the products 
of this reaction were analyzed.  The amounts of gaseous byproducts (denoted in the list 
below) were determined using a mass balance and Excel Solver.  The product distribution 
determined by this design team from HPLC analysis is shown in Table 2 below. 
Product Percent by mass 
Erythritol 1.9 
Ethylene Glycol 68.5 
1,2-propylene glycol 6.9 
Mannitol 1.7 
Sorbitan 5.5 
Sorbitol 6.1 
2,5-dihydroxymethyl-tetrahydrofuran 3.1 
Carbon dioxide (g) 3.2 
Methane (g) 3.1 
Table 2. Product distribution in direct catalytic conversion 
of cellulose to ethylene glycol described in U.S. Patent 7960594 
 
O
O
O
O
HO
OH
OH
OH
HO OH
n
Cellulose
(100 % Conversion)
HO
OH
Ethylene Glycol
69 % Yield
C6H14O6+
Byproducts: 
50/50 sorbitol/mannitol
7 % Yield
+
Other Byproducts:
propylene glycol
erythritol
ethanol
etc
24 % Yield
Ni-W/AC
(15% Ni-25% W)
H2O
240 oC
5 MPa H2 
30 minutes
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2.3.3 Plant Location 
 
 The plant location will be in Tennessee because of the availability of large 
quantities of switchgrass in the state.  Tennessee is near the Gulf Coast, which is the least 
expensive site to construct the plant and has a site factor of 1.0. (Seider, Seider, Lewin, 
Widagdo, 2009)  The presence of many other chemical plants in the area will allow for 
easy access to utilities that are necessary for production. 
 
2.3.4 Plant Capacity 
 
 The goal of this project is to produce 100 million lbs of ethylene glycol per year 
with minimum 99.5% purity.  Another side product of the reaction, propylene glycol, is 
produced at 14,450,000 lbs per year and distilled to 99.5 % purity.  Allowing for 
approximately one month of shut-down for maintenance, the plant is assumed to be 
continuously active for 24 hours a day, 330 days a year.  The plant must have the 
minimum capacity to produce 12,626 lbs of ethylene glycol per hour. 
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3.0 Innovation Map 
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4.0 Concept Stage 
 
4.1 Market and Competitive Analysis 
 
Currently, the major competitor to us would be India Glycols, Coca-Cola’s 
current supplier of biobased ethylene glycol (Tullo, “Coke Plays Spin The Bottle”). From 
their website, India Glycols claims that their ethylene glycol is, at minimum, 99.5% pure. 
A price was requested, but not answered. According to their annual report for 2011, they 
sold 77,572 tonnes of glycols (includes EG, DEG, TEG, and heavy glycols) last year. 
They produced 575 tonnes ethylene glycol/day. They made $86M in sales including both 
exports and domestics (with a production of 1,100,000 MTPA).  
 
MEGlobal (DOW chemical company) is a producer of non-biobased ethylene 
glycol. They produce 1 million tonnes of ethylene glycol a year. They are considered a 
competitor because, currently, petrochemical based ethylene glycol is cheaper than 
biobased ethylene glycol and is still on the market for PET production (Tullo, “Coke 
Plays Spin The Bottle”). 
 
The market would include Coca-Cola. Coca-Cola is currently sourcing its 
ethylene glycol from India Glycols, who make their ethylene glycol using sugar. 
However, according to William L. Tittle, in the “[l]ong term, Coca-Cola will need 
cellulosic sources of feedstocks to be more competitive” (Tullo, “Coke Plays Spin The 
Bottle”), suggesting that our non-food source, switchgrass, could be more attractive to 
Coca-Cola. In 2011, Coca-Cola produced 7 billion bottles with biobased ethylene glycol, 
with predictions to have all of their bottles (120 billion bottles) use biobased ethylene 
glycol by 2020. According to Coca-Cola, the market for biobased bottles is sufficient that 
not one company will be able to meet the demand. (Tullo, “Coke Plays Spin The Bottle”). 
H.J Heinz is also partnering with Coca-Cola to produce plant-based bottles. PepsiCo 
already has 100% plant-based bottles. (“PepsiCo unveils 100 percent plant-based bottle,” 
2011)  
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4.2 Customer Requirements 
 
The process needs to be eco-friendly (using a non-food renewable source) and 
energy efficient. Hydrogen and water will be recycled. Heat from the effluent of the 
reactor will be recycled to heat the reactants entering the reactor. Heat from the flash 
vessels will be reused in the subsequent flash vessels. We are assuming that the minimum 
requirement for our ethylene glycol product is 99.5% (based on the quality of India 
Glycols’s biobased ethylene glycol). This is a fitness-to-standard requirement. 
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5.0 Process Design 
 
5.1 Preliminary Process Synthesis 
 
 Despite only having batch lab scale data, this process will be operated 
continuously. Batch operation would lead to too much labor and operating costs as well 
as larger reactors in order to produce the required 100 million pounds of ethylene glycol 
per year. Since there is no continuous data, some assumptions had to be made about the 
reactor operation. It was assumed that designing the reactor to have a residence time of 
thirty minutes in a vertical packed bed reactor would produce the same yields as a thirty 
minute batch process. Also, it was assumed that using a packed bed rather than slurry 
would also have the same yields. 
 
 For front end switchgrass processing, a semi-batch process was necessary, and 
this process is depicted on page 28. The switchgrass needs to be pretreated for 12 hours 
in NaOH in an agitator to dissolve undesired parts of the switchgrass which can only be 
done in a batch process. The semi-batch designation comes in because process water is 
continuously fed to a holding tank which then supplies an agitator with this water. The 
water picks up cellulose and continuously supplies the reactors with the reactant stream.  
The amount of residual dilute NaOH mixed with the cellulose is extremely low and does 
not need to be neutralized.  To achieve this continuous inlet and outlet to a batch process, 
several agitator tanks and pumps are required. Twenty-four agitators with 12 pumps were 
chosen in order to keep the agitator size down. One of these pumps is in-between each 
pair of agitators and cycles pretreatment solution between the two agitators. The 24 tanks 
also take one hour turns providing a holding tank with the water containing cellulose 
which in turn sends this water to the reactors. This tank has 3.5 hours worth of inventory 
so that the reactors can keep working even if an agitator fails. 
 
 After pretreating the switchgrass with NaOH, there are still switchgrass 
constituents other than cellulose in the solid phase. One of these is lignin, which when 
present with cellulose in the reactor, reduces ethylene glycol selectivity. Unfortunately, 
separating lignin from the cellulose is not an easy task. The best way to separate it is to 
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use an ionic liquid. However, buying enough ionic liquid for this process would cost 
billions of dollars. Another way is using the Organosolv Process. (Berlin, 2012) This 
process does not separate out all of the lignin, is expensive, and is still on patent so it is 
not a great option. A third option is a two stage process that separates out cellulose from 
high lignin content biomass. (Dottori, 2010) This option unfortunately ruptures the 
fibrous structure of the cellulose. This is beneficial for a fermentation process but could 
be harmful for this catalytic process. After assessing these other options, this process 
ends up not separating out lignin due to the setbacks discussed and therefore has lower 
conversions in the reactor. The yield of ethylene decreases from 69% to 44% which was 
determined by considering a similar process. (Pang, Zheng, Wang, & Zhang, 2011) 
 
 To minimize costs, hydrogen must be recycled from the reactor effluent back to 
the reactor as seen on page 26. This effluent, unfortunately, contains gaseous products 
from the reactor such as carbon dioxide. Since separating these from hydrogen is 
difficult, a purge was designed to prevent buildup in the recycle. In order to determine the 
rate of purging, a simple tradeoff was considered. As the split fraction to the purge 
increases, the amount of hydrogen needed to be replaced also increases. However, the 
amount of gaseous byproducts sent back to the reactor decreases with this trend. A split 
fraction of 0.2 to the purge was chosen to keep the amount of impurities in the reactor 
below 10% by mole. Higher split fractions would send too many impurities to the reactor, 
which could decrease reaction yields. 
 
 Before getting rid of the purge stream, the benefit of adding a turbine to receive 
power from the stream was investigated. A turbine for this stream would cost $2,600,000 
in capital costs and produce 886 kW of electricity. The kW of electricity produced was 
multiplied by $2,000 as a shortcut method for determining the net present value of the 
electricity produced. This calculation yields $1,772,000 as the net present value of the 
electricity which is much less than the capital cost of the turbine. Therefore, the turbine 
was not included but rather a throttle valve was used to lower the pressure. 
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 As expected, many different separation processes can be used to isolate the main 
product, ethylene glycol. A distillation tower could theoretically separate the ethylene 
glycol from water, yet since there is so much water in this process, boiling and 
condensing all of this water in a distillation column ends up being expensive. The 
operating costs of this tower were estimated in ASPEN at hundreds of millions of dollars. 
In order to significantly decrease this number, a three stage, multi effect evaporator is 
implemented to boil off 99.3% of the process water which is recycled. Heat integration 
between the three stages reduced the operating cost of the multi effect evaporator by 
about 50%. 
 
 When water is evaporated and recycled in the multi effect evaporator, some 
propylene glycol and ethylene glycol are unavoidably recycled as well. This gives these 
components more time in the reactor, which could allow them to react further. For this 
design, it was assumed that despite being recycled, the ethylene and propylene glycol do 
not react but rather emerge in the effluent stream. 
 
 With the high pressures and temperatures in the reactor, some hydrogen could 
dissolve in the liquid phase and cause problems later in the process. This will be avoided 
by allowing the hydrogen to escape in the flash vessel condensers since this is where the 
hydrogen will leave the aqueous phase. 
 
One of the bigger issues in the separation process is designing a way to remove 
the byproducts from water, ethylene glycol, and propylene glycol. These byproducts are 
mostly higher molecular weight polyols such as mannitol, sorbitol, and erythritol and are 
very soluble in water. Therefore, they cannot be separated by simple solid liquid 
separation techniques. One option is presented in US patent 4,096,036 which discusses 
separating water soluble polyols with an ion exchange column (see appendix page 131 
for this patent). This would probably be the best option to separate these products except 
that the patent does not give sufficient information to size or cost the column or to 
determine the efficiency of the separation. More studies or information would be needed 
to include this in the design. Instead of using this method, another flash vessel (F-105, pg 
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65) was added that boils ethylene glycol, propylene glycol, and some water in the vapor 
product. The liquid product is then a bit of ethylene glycol, the polyol side products, and 
lignin. This stream has enough of the side products in the liquid phase to carry or dissolve 
the other species. This byproduct stream is pumped away to be burned. 
 
 The vapor stream from the final flash vessel still needs to be separated more. 
Since most of the process water has already been removed, a distillation column with 
water as distillate can now be used at reasonable utilities (DT-101, pg 53). Water is 
chosen as the light key instead of propylene glycol since the relative volatility of 
propylene glycol and ethylene glycol are much closer than that of water. The utilities and 
distillation column size for the tower with propylene glycol as the light key are too high 
because of this. After the water is removed, ethylene glycol product is created from the 
bottoms of another distillation column (DT-102, pg 55). The distillate product, containing 
the propylene glycol is not at high enough purity to sell. Therefore, another distillation 
column is added to purify the propylene glycol further (DT-103, pg 57). Propylene 
product is taken as a side stream in the enriching section because the little bit of water in 
the feed congregates in the distillate product. This water prevents the distillate from 
having the required mass purity of 99.5% propylene glycol. The ethylene glycol and 
propylene glycol towers are both operated at vacuum conditions to require less 
equilibrium stages in the tower. 
 
5.2 Bench-Scale Laboratory Work 
 
 Due to time restraints and lack of funding, the authors of this report were unable 
to complete a bench-scale reaction and process engineering.  However, bench-scale 
laboratory data was obtained using information provided in U.S. Patent 7,960,594 (see 
appendix, pg 141).  The patent describes a method of preparing ethylene glycol from 
cellulose using a variety of catalysts.  In the patent, 1 g of cellulose in 100 g of water is 
converted to ethylene glycol in the presence of 0.3 g catalyst.  The data below was 
provided by the patent and describes the yield of ethylene glycol obtained from various 
catalysts. 
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Catalyst Cellulose Conversion (%) Ethylene Glycol Yield (%) 
W/AC (30% W) 100 5 
Ni-W/AC (15%Ni-25%W) 100 69 
Pt-W/AC (0.5%Pt-75%W) 100 68 
Pt-W/AC (0.5%Pt-15%W) 100 60 
Ru-W/AC (0.5%Ru-15%W) 100 57 
Mo-Ni/Al2O3 (0.5%Pt-15%W) 67 34 
Pt/AC (1%Pt) 62 9 
Ni/AC (20%Pt) 71 11 
Ru/AC (2%Pt) 55 12 
Table 3. Effects of various catalysts on cellulose conversion and ethylene glycol yield 
 
 Ni-W/AC (15%Ni-25%W) was chosen as the catalyst for the process described in 
this report because of its ability to completely convert cellulose and produce a high 
ethylene glycol yield.  Laboratory data from the patent suggests that the ideal conditions 
for the reaction are at 5 MPa hydrogen pressure with a 30-minute residence time.  The 
patent states that the catalyst may be used for three consecutive reactions without 
decrease in cellulose conversion and ethylene glycol yield.  However, further studies 
should be completed to determine the lifetime of the catalyst before coke deposits begin 
affecting its activity.  In addition, further studies should be completed to determine the 
minimum amount of water and catalyst required for the reaction.  While the patent states 
that the minimum amount is estimated to be 1:4:0.033 raw material:water:catalyst, there 
is no laboratory data provided for this case, which is why this option was not explored. (Ji 
et al., 2008)  The lifetime of the catalyst and required solvent and catalyst amounts will 
have an effect of the economic analysis included in this report.  Sensitivity analysis is 
included in order to determine the scale of this effect. 
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MATERIAL BALANCES
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6.0 Feasibility, Development, Manufacturing, and Product-Introduction Stages 
6.1 Process Flow Diagram and Material Balances 
Block Diagram 
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Main Flow Sheet 
P-101 T-101
F-101
HX-101
x7
S-121
R-101
x35
S-122 S-101
S-102
S-111
S-112
Evaporation 
System
Distillation 
System
S-114
S-103
S-104
C-101
S-106
S-105
C-102
S-109
S-108 S-107
S-117
S-113
S-118Pretreatment 
Flowsheet
S-120
Fan-101
HX-102
S-123
S-115
S-116
S-110
H-101
H-102
S-179
S-150
S-119
HX-103
S-124
Steam
550 psig
479 F
Steam
550 psig
479 F  
V-101
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Stream S-101 S-102 S-103 S-104 S-105 S-106 S-107 S-108 S-109 S-110 S-111 S-112 S-113
Temp (F) 464 464 464 464 76 464 477 242 70 446 244 243 226
Pressure (psia) 696 696 696 696 59 696 732 732 300 732 689 50 29
Vapor Fraction 0.08 0 1 1 1 1 1 1 1 1 0 0 0
Mass Flow(lb/hr) 3,143,957      3,100,585      43,373     8,675       8,675             34,699     34,699           1,431             1,431             36,129           3,100,585      3,100,585      3,050,110      
Comp. Flow (lb/hr)
Lignin 5866 5866 0 0 0 0 0 0 0 0 5866 5866 0
Hydrogen 7,153             0 7,153       1,431       1,431             5,722       5,722             1,431             1,431             7,153             0 0 0
Ethylene Glycol 25,000           25,000           0 0 0 0 0 0 0 0 25,000           25,000           11,448           
Propylene Glycol 5,752             5,752             0 0 0 0 0 0 0 0 5,752             5,752             3,380             
Polyol Byproducts 7,367             7,367             0 0 0 0 0 0 0 0 7,367             7,367             0
Water 3,056,600      3,056,600      0 0 0 0 0 0 0 0 3,056,600      3,056,600      3,035,400      
Methane 14,824           0 14,824     2,965       2,965             11,860     11,860           0 0 11,860           0 0 0
Carbon Dioxide 20,326           0 20,326     4,065       4,065             16,261     16,261           0 0 16,261           0 0 0
Ethane 1,070             0 1,070       214 214 856 856 0 0 856 0 0 0
Stream S-114 S-115 S-116 S-117 S-118 S-119 S-120 S-121 S-122 S-123 S-124 S-150 S-161
Temp (F) 220 376 302 229 227 70 227 230 455 464 464 383 355
Pressure (psia) 22 22 22 29 29 29 29 740 732 725 725 22 22
Vapor Fraction 0 0 0 0 0 0 0 0 0 0 1 0 0
Mass Flow(lb/hr) 3,654,100      12,961           1,825       21,272     3,071,500      85.5 3,107,800      3,107,800      3,107,800      3,107,800      36,129           13,932           482
Comp. Flow (lb/hr)
Cellulose 0 0 0 0 0 0 30,437           30,437           30,437           30,437           0 0 0
Lignin 0 0 0 0 0 0 5,866             5,866             5,866             5,866             0 5,866             0
Hydrogen 0 0 0 0 0 0 0 0 0 0 7153 0 0
Ethylene Glycol 13,032           12,896           5.4 0.4 11,448           0 11,448           11,448           11,448           11,448           0 572 130
Propylene Glycol 2,301             64 1,816       68 3,449             0 3,449             3,449             3,449             3,449             0 71 353
Polyol Byproducts 0.55 0.55 0 0 0 0 0 0 0 0 0 7,366             0
Water 21,207           0 3.7 21,203     3,056,600      85.5 3,056,600      3,056,600      3,056,600      3,056,600      0 58 0
Methane 0 0 0 0 0 0 0 0 0 0 11,860           0 0
Carbon Dioxide 0 0 0 0 0 0 0 0 0 0 16,261           0 0
Ethane 0 0 0 0 0 0 0 0 0 0 856 0 0
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Switchgrass Pretreatment Flow Sheet 
CR-101
PV-101a
x12
S-133
PV-101b
x12
S-126
S-125
S-131a
S-131b
S-132
S-128
S-127
P-102
S-119
S-130
S-130
S-120
H-103
P-103
S-129
H-104
S-118P-104
V-1 O
V-4 C
V-3 C
V-2 O
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Stream S-118 S-119 S-120 S-125 S-126 S-127 S-128
Temp (F) 227 70 227 227 227 227 227
Pressure (psia) 29 29 29 44 29 29 29
Vapor Fraction 0 0 0 0 0 0 0
Mass Flow(lb/hr) 3,071,496   61 3,107,799   3,071,557   1,734,554   1,337,003   1,337,015   
Comp. Flow (lb/hr)
Cellulose 0 0 30437 0 0 0 0
Lignin 0 0 5866 0 0 0 0
Hydrogen 0 0 0 0 0 0 0
Ethylene Glycol 11,448        0 11,448        11,448        6,465          4,983          0
Propylene Glycol 3,448          0 3,448          3,448          1,948          1,500          4,983          
Polyol Byproducts 0 0 0 0 0 0 1,501          
Water 3,056,600   61 3,056,600   3,056,661   1,726,142   1,330,519   0
Methane 0 0 0 0 0 0 1,330,529   
Carbon Dioxide 0 0 0 0 0 0 0
Ethane 0 0 0 0 0 0 0
Stream S-129 S-130 S-131a S-131b S-132 S-133
Temp (F) 227 140 140 140 70 70
Pressure (psia) 38 14.7 14.7 24 14.7 14.7
Vapor Fraction 0 0 0 0 0 0
Mass Flow(lb/hr) 1,337,015   1,373,316   733,333      733,333      73,333        73,333        
Comp. Flow (lb/hr)
Switchgrass 0 0 0 0 73,333        73,333        
Cellulose 0 30,437        0 0 0 0
Lignin 0 5,866          0 0 0 0
Hydrogen 0 0 0 0 0 0
Ethylene Glycol 4,983          4,983          0 0 0 0
Propylene Glycol 1,501          1,501          0 0 0 0
Polyol Byproducts 0 0 0 0 0 0
Water 1,330,529   1,330,529   0 0 0 0
Methane 0 0 0 0 0 0
Carbon Dioxide 0 0 0 0 0 0
Ethane 0 0 0 0 0 0
Pretreatment Sol 0 0 733,333      733,333      0 0
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Evaporation System Flow Sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cooling Water
P-107 P-108 P-110
P-112
P-109
P-111
F-104 F-105F-103F-102
S-135
S-139
S-140
S-112
S-136
S-141
S-143
S-144
S-145
S-148
S-149
S-150
S-151
S-114
S-113
S-142
S-146
Steam
Steam
Steam
Steam
Con-101 Con-102
S-147
S-152
V-1
Steam
To Flare
Air leakage
P-105
S-134
S-137
P-106
S-138
P-113
To water treatment
Vac-102
V-2
V-3
100 psig
338 F
Cooling Water
Cooling Water
50 psig
298 F 450 psig
460 F
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Stream S-112 S-113 S-114 S-134 S-135 S-136 S-137 S-138 S-139 S-140 S-141
Temp (F) 243 226 220 273 234 274 273 273 234 213 234
Pressure (psia) 50 29 22 44 22 44 44 29 22 14.7 22
Vapor Fraction 0 0 0 0 0.05 1 0 0 0 0.02 1
Mass Flow(lb/hr) 3,100,585   3,050,110   3,654,100   2,144,275   2,144,275   956,310      956,310      956,310   1,113,726   1,113,826   1,030,500   
Comp. Flow (lb/hr)
Lignin 5866 0 0 5866 5866 0 0 0 5866 5966 0
Hydrogen 0 0 0 0 0 0 0 0 0 0 0
Ethylene Glycol 25,000         11,448         13,032         24,624         24,624         376 376 376 24,074         24,074         550
Propylene Glycol 5,752           3,380           2,301           5,619           5,619           133 133 133 5,419           5,419           200
Polyol Byproducts 7,367           0 0.55 7,367           7,367           0 0 0 7,367           7,367           0
Water 3,056,600   3,035,400   21,207         2,100,800   2,100,800   955,800      955,800      955,800   1,071,000   1,071,000   1,029,800   
Methane 0 0 0 0 0 0 0 0 0 0 0
Carbon Dioxide 0 0 0 0 0 0 0 0 0 0 0
Ethane 0 0 0 0 0 0 0 0 0 0 0
Stream S-142 S-143 S-144 S-145 S-146 S-147 S-148 S-149 S-150 S-151 S-152
Temp (F) 232 232 189.9 190 190 177 177 383 383 383 220
Pressure (psia) 22 29 8 14.7 8 7 29 14.7 22 14.7 14
Vapor Fraction 0 0 0 0 1 0 0 0 0 1 0
Mass Flow(lb/hr) 1,030,500   1,030,500   50,421         50,421         1,063,300   1,063,300   1,063,300   13,932     13,932         36,541         36,541         
Comp. Flow (lb/hr)
Lignin 0 0 5866 5866 0 0 0 5866 5866 0 0
Hydrogen 0 0 0 0 0 0 0 0 0 0 0
Ethylene Glycol 550 550 13,552         13,552         10,522         10,522         10,522         572 572 13,032         13,032         
Propylene Glycol 200 200 2,372           2,372           3,048           3,048           3,048           71 71 2,301           2,301           
Polyol Byproducts 0 0 7,367           7,367           0 0 0 7,366       7,366           0.55 0.55
Water 1,029,800   1,029,800   21,265         21,265         1,049,800   1,049,800   1,049,800   58 58 21,207         21,207         
Methane 0 0 0 0 0 0 0 0 0 0 0
Carbon Dioxide 0 0 0 0 0 0 0 0 0 0 0
Ethane 0 0 0 0 0 0 0 0 0 0 0
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Distillation System Flow Sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P-115
DT-101
Rb-101
RA-101
Con-103
S-155
S-153
S-154
P-114
P-118
DT-102
Rb-102
RA-102
Con-104
S-158
S-157
S-115
P-117
S-114
P-116
S-156
P-121
DT-103
Rb-103
RA-103
Con-105
S-163
S-160
S-161
P-120P-119
S-159
S-162
P-122
S-116
P-124
S-164
S-117
Air leakage
Steam
To water treatment
To Flare
Air leakage
Air leakage
P-123
Vac-101
100 psig
338 F
Cooling Water
Cooling Water
Cooling Water
Cooling Water
Steam
450 psig
460 F Steam
450 psig
260 F
Steam
150 psig
365 F
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Stream S-114 S-115 S-116 S-117 S-153 S-154 S-155 S-156
Temp (F) 220 376 302 229 396 397 230 230
Pressure (psia) 22 22 22 29 23 29 21 29
Vapor Fraction 0 0 0 0 0 0 0 0
Mass Flow(lb/hr) 3,654,100   12,961  1,825  21,272  15,431  15,431  21,110  21,110  
Comp. Flow (lb/hr)
Hydrogen 0 0 0 0 0 0 0 0
Ethylene Glycol 13,032        12,896  5.4 0.41 13,032  13,032  0.25 0.25
Propylene Glycol 2,301          64 1,816  68 2,301    2,301    0.51 0.51
Polyol Byproducts 0.55 0.55 0 0 0.55 0.55 0 0
Water 21,207        0 3.74 21,203  98 98 21,109  21,109  
Methane 0 0 0 0 0 0 0 0
Carbon Dioxide 0 0 0 0 0 0 0 0
Ethane 0 0 0 0 0 0 0 0
Stream S-157 S-158 S-159 S-160 S-161 S-162 S-163 S-164
Temp (F) 376 236 237 355 355 302 164 164
Pressure (psia) 12 4 29 10 22 5 4 29
Vapor Fraction 0 0 0 0 0 0 0 0
Mass Flow(lb/hr) 12,961        2,470    2,470  482 482 1,825    162 162
Comp. Flow (lb/hr)
Hydrogen 0 0 0 0 0 0 0 0
Ethylene Glycol 12,896        135 135 130 130 5.4 0.16 0.16
Propylene Glycol 64 2,236    2,236  353 353 1,816    68 68
Polyol Byproducts 0.55 0 0 0 0 0 0 0
Water 0 98 98 0 0 3.7 94 94
Methane 0 0 0 0 0 0 0 0
Carbon Dioxide 0 0 0 0 0 0 0 0
Ethane 0 0 0 0 0 0 0 0
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6.2 Process Description 
 
 In this section of the report, each part of the process will be described 
qualitatively in order to rationalize the flow of the major equipment items.  In general, 
carbon steel was used as the major material of construction due to its economic benefits 
and availability.  However, in cases where the unit comes into contact with hydrogen, 
which is known to make carbon steel brittle due to hydrogen diffusing into the metal 
(Barnoush, 2011), stainless steel was selected as the material of construction.  Each 
portion of the process was modeled in ASPEN Plus V7.3 with the exception of the 
pretreatment stages and storage units.   
 
6.2.1 Pretreatment 
 
 The process begins with the switchgrass being transported on front loaders from  
a storage warehouse to a cone crusher unit (CR-101, pg 52).  Before extracting cellulose 
from the switchgrass, it is necessary to crush the switchgrass to a reasonable size, mesh 
size = 60.  Conveyor belts are used to transport the crushed switchgrass to 24 stirred 
tanks (PV-101, pg 93) made of carbon steel used for the pretreatment process.  When the 
process starts, the first tank (PV-101a) in the set is filled with switchgrass and 
pretreatment solution, which is 1% NaOH by mass.  After 12 hours of soaking in the 
sodium hydroxide solution, most of the unusable parts of switchgrass with the exception 
of lignin have been dissolved in the NaOH solution.  The NaOH solution is then removed 
and the tank is washed with water from holding tank (H-103, pg 69).  The NaOH solution 
is transferred to the second tank in the set (PV-101b) where it continues pretreating more 
switchgrass.  Washing the damp switchgrass with water allows for a cellulose-water 
solution to form.  This is transported to the holding tank (H-104, pg 70) before it is sent 
to the preheater and then on to the reactor. The pretreatment process is described further 
in the individual unit descriptions.   
 
6.2.2 Reactor train 
 
 After pretreatment, the cellulose-water solution is pumped from the holding tanks 
(H-104, pg 70) to a heat exchanger (HX-101, pg 67) where it is heated to 455°F.  A 
secondary heater further heats the stream to 464°F before entering the reactor (R-101, pg 
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94).  Due to the large scale of production, there are seven primary heat exchangers 
followed by 35 reactors that run in parallel.  The reactors are packed bed reactors filled 
with stationary packing impregnated with Ni-W/AC catalyst.  The reactors operate in 
down flow at 464°F with a retention time of 30 minutes.   
 After exiting the reactor, the gaseous and liquid products are separated by an 
adiabatic vertical separation vessel (F-101, pg 59).  The liquid products are cooled in the 
heat exchanger (HX-101, pg 71) mentioned above to 244°F before entering the separation 
train.  The gaseous stream is split between a recycle and purge.  The recycled portion of 
gas is combined with an inlet of hydrogen.  Both streams are compressed by separate 
units (C-101, pg 48; C-102, pg 49) and then heated to 464°F by a floating head heat 
exchanger (HX-103, pg 73).  The pressure of the purge portion of the gas stream is 
reduced in a turbine (T-101, pg 95) to produce electricity used in the process.  A fan 
(Fan-101, pg 66) is used to transport the purge gas to be burned for energy. 
 
6.2.3 Separation: Evaporation System 
 
 Because this process uses an extremely high amount of water, a multi effect 
evaporator was designed to remove the majority of water before using distillation to 
separate out the ethylene glycol.  This has proven extremely economically beneficial, as 
using column distillation to separate large amount of water overhead is highly expensive.    
The evaporation system consists of three flash vessels (F-102, pg 60; F-103, pg 62; F-
104, pg 64) used to separate out water overhead with successively lower temperature and 
pressure.  The vapor from the first two flash vessels (F-102, F-103) are used to provide 
heat to the second and third flash vessels (F-103, F-104) in order to reduce utilities 
required for the system.  These vapor streams are condensed in this process and recycled 
to the pretreatment section.  Similarly, the water vapor coming off the top of the third 
flash vessel (F-104) is also condensed (Con-101, pg 50) and recycled to the pretreatment 
stage.  The final flash vessel (F-105, pg 65) is used to separate most of the ethylene 
glycol, propylene glycol and any remaining water from the polyol byproducts, which are 
burned.  The last flash vessel is kept at vacuum pressure by a vacuum system (Vac-102, 
pg 97). 
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6.2.4 Separation: Distillation System 
 
 The distillation system consists of three separate towers in series.  The first tower 
(DT-101, pg 53) is designed to remove 99.7% of the water entering the system overhead.  
The water is recycled to the pretreatment stage.  The second distillation tower (DT-102, 
pg 55) is used to separate ethylene glycol from the other products resulting in 99.5% pure 
ethylene glycol.  This stream leaves the second distillation tower through the bottoms 
product.  The secondary product, propylene glycol, is purified in the third distillation 
tower (DT-103, pg 57) as a side stream draw off from the third tray below the condenser.  
As in the evaporator system the second two towers are kept at vacuum pressure by 
vacuum system (Vac-101, pg 96). 
 
6.2.5 Ethylene Glycol and Secondary Product Storage  
 
 The product, ethylene glycol, is sent to a holding tank (H-102, pg 68) capable of 
holding 3 days worth of product before being sold.  The secondary product, propylene 
glycol, is stored in a holding tank (H-101, pg 67) capable of holding 7 days worth of 
product before being sold.   
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6.3 Equipment List and Unit Descriptions 
 
C-101: Compressor 
C-101 compresses 34,699 lb/hr of recycle gases to 50.5 bar in order to circulate 
this stream back to the reactor system (R-101). In other words, this unit is necessary to 
overcome pressure drops in the pipes and reactor. It requires 121 kW of electricity, is 
made of stainless steel, and costs $2,114,000. 
C-102: Compressor 
C-102 compresses feed hydrogen from 300 psia and 70°F to 50.5 bar and 242°F. 
Once compressed, the hydrogen joins the recycle vapor stream and is sent to the reactor 
system (R-101). This system compresses 1,431 lb/hr of H2 with a 0.9 isentropic 
efficiency. This unit is made from stainless steel and costs $3,361,000. 
Con-101: Condenser 
Con-101 condenses 1,063,340 lb/hr of flash vapor, producing 1.06*10
9
 BTU/hr. 
This heat is transferred to cooling water. This unit is two floating head heat exchangers of 
equal area in parallel. Both units are made of carbon steel and priced at $408,000 each. 
Con-102: Condenser 
Con-102 condenses 36,541 lb/hr of flash vapor, producing 2.94*10
7
 BTU/hr. 
Cooling water is used as a utility for the process. This unit is a floating head heat 
exchanger made of carbon steel and priced at $26,300. 
CR-101: Crusher 
CR-101 is a cone crusher made of carbon steel used to crush 37 tons of 
switchgrass an hour for use in the process. The crusher has a driver power of 40 horse 
power and crushes the switchgrass down to a mesh size of 60. It is priced at $66,100. 
DT-101: Distillation Tower 
DT-101 removes 99.7% of the 21,207 lb/hr of water entering this column as 
distillate product, leaving propylene glycol and ethylene glycol in the bottoms. This 
bottoms product is sent to a second tower to be further separated. The tower has 20 sieve 
trays that have a 0.7 Murphree efficiency and 0.1 psi pressure drop, and it operates at a 
0.09 reflux ratio. The carbon steel vessel is 52 ft tall and has a diameter of 9.5 ft. The 
tower with all accessories such as a reflux accumulator (RA-101) is $305,700. 
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DT-102: Distillation Tower 
DT-102 separates ethylene glycol from propylene glycol. The bottoms stream 
contains 12,961 lb/hr of the desired 99.5% by mass ethylene glycol. The distillate 
contains mostly propylene glycol and has a flow rate of 2,470 lb/hr. The tower has 78 
sieve trays that have a 0.7 Murphree efficiency and 0.1 psi drop, and it operates at a 29 
reflux ratio. The vacuum for this unit is provided by a vacuum unit (Vac-101). The 
carbon steel vessel is 168 ft tall and has a diameter of 9.5 ft. The tower with all 
accessories such as a reflux accumulator (RA-102) is $814,000. 
DT-103: Distillation Tower 
DT-103 concentrates propylene glycol to its necessary mass purity of 99.5%. This 
product stream is drawn off of the 3
rd
 tray from the top at a flow rate of 1,825 lb/hr. The 
propylene glycol is not taken from the distillate because the water in the column 
congregates in the distillate, and this would decrease the purity of the product.  The tower 
has 58 sieve trays that have a 0.7 Murphree efficiency and 0.1 psi drop, and it operates at 
a 40 reflux ratio. Vacuum for this unit is provided by a vacuum unit (Vac-101). The 
carbon steel vessel is 128 ft tall and has a diameter of 9.5 ft. The tower with all 
accessories such as a reflux accumulator (RA-103) is $438,800. 
F-101: Flash Vessel 
F-101 separates the reactor system effluent in a vertical vessel. The gas stream 
leaves the vessel at 43,375 lb/hr and is sent to either the purge stream or recycle stream. 
The liquid stream exits the vessel at 3,143,980 lb/hr and is sent to the reactor feed stream 
preheater (HX-101). This vessel is 14.5 feet in diameter, 43 feet tall, and made of 
stainless steel, costing $1,133,000. 
F-102: Flash Vessel 
F-102 vaporizes process water for recycle to the reactor system. Of the 3,056,620 
lb/hr of water entering this unit, 955,805 lb/hr is vaporized. The unit operates at 274°F 
and 3.0 atm. Its heat duty is 1.00*10
9
 BTU/hr which is provided by 50 psig steam. The 
vessel is 18.5 feet in diameter, 20.5 feet tall, and made of carbon steel, costing $133,000. 
F-103: Flash Vessel 
F-103 vaporizes more process water for recycle to the reactor system. Of the 
2,100,820 lb/hr of water entering this unit, 1,029,780 lb/hr is vaporized. The unit operates 
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at 234°F and 1.5 atm. Its heat duty is 8.93*10
8
 BTU/hr which is provided by the vapor 
stream of the first flash vessel (F-102). The vessel is 22 feet in diameter, 12.5 feet tall, 
and made of carbon steel, costing $147,000. 
F-103-HX: Heat Exchanger within Flash Vessel 
F-103-HX condenses 956,314 lb/hr of flash vapor, producing 8.93*10
8
 BTU/hr. 
This heat is used to drive the heat duty of the second flash vessel (F-103). This unit is 
located in this vessel, and is priced as a floating head heat exchanger made of carbon 
steel, costing $1,600,000. 
F-104: Flash Vessel 
F-104 vaporizes more process water for recycle to the reactor system. Of the 
1,071,040 lb/hr of water entering this unit, 1,049,770 lb/hr is vaporized. The unit operates 
at 190°F and 0.51 atm. The vacuum for this unit is provided by a vacuum unit (Vac-102). 
Its heat duty is 9.91*10
8
 BTU/hr which is provided by the vapor stream of the second 
flash vessel (F-103). The vessel is 20 feet in diameter, 40 feet tall, and made of carbon 
steel, costing $352,000. 
F-104-HX: Heat Exchanger within Flash Vessel 
F-104-HX condenses 1,030,530 lb/hr of flash vapor, producing 9.91*10
8
 BTU/hr. 
This heat is used to drive the heat duty of the third flash vessel (F-104). This unit is 
located in this vessel, and is priced as a floating head heat exchanger made of carbon 
steel, costing $1,700,000. 
F-105: Flash Vessel 
F-105 separates out the polyol side products and lignin from propylene glycol, 
ethylene glycol, and water. These side products leave the bottom of the flash with some 
ethylene glycol while the desired products leave in the vapor phase. 520 lb/hr of ethylene 
glycol is removed in the liquid stream and not recovered. The unit operates at 383°F and 
1.0 atm. Its heat duty is 3.12*10
7
 BTU/hr which is provided by 450 psig steam. The 
vessel is 5.5 feet in diameter, 12 feet tall, and made of carbon steel, costing $26,700. 
Fan-101: Fan 
This unit is a fan used to blow 8,700 lb/hr of purged gasses to be burned. It is 
constructed out of stainless steel and is priced at $1,680. 
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H-101: Holding Tank   
This unit is a 41,000 gallon holding tank constructed from carbon steel used to 
hold 7 days’ worth of propylene glycol, a secondary product, before it is sold. It is priced 
at $65,800. 
H-102: Holding Tank 
This unit is a 117,000 gallon holding tank constructed form carbon steel used to 
hold 3 days’ worth of ethylene glycol, the main product, before it is sold. It is priced at 
$139,600. 
H-103: Holding Tank 
This unit is a 176,000 gallon holding tank constructed from carbon steel used to 
hold the recycled water briefly before it is sent back to the pretreatment vessels (PV-101) 
to pick up the cellulose for the process. It is priced at $221,400. 
H-104: Holding Tank 
This unit is a 1,416,000 gallon holding tank constructed from carbon steel used to 
hold 3.5 hours of reactant mixture from the pretreatment tanks (PV-101) before it is sent 
to HX-101 and then on to the reactor. It is priced at $1,285,800. 
HX-101: Heat Exchanger 
HX-101 uses heat from the 3,100,605 lb/hr liquid reactor system effluent to heat 
the 3,107,840 lb/hr liquid recycle stream. 9.13*10
8
 BTU/hr is exchanged between the 
streams, heating the recycle stream to 455°F and cooling the reactor effluent to 244°F. 
This unit is seven identical floating head heat exchangers made of carbon steel in parallel, 
and each is priced at $756,000. 
HX-102: Heat Exchanger 
HX-102 heats 3,107,840 lb/hr of recycle liquid from 455°F to the required 464°F 
for the reactors. Steam at 550 psig provides 4.52*10
7
 BTU/hr to achieve this. This unit is 
a floating head heat exchanger made of carbon steel and priced at $142,000. 
HX-103: Heat Exchanger 
HX-103 heats 36,130 lb/hr of recycle gas from 446°F to the required 464°F for 
the reactors. High pressure steam at 550 psig provides 6.89*10
5
 BTU/hr to achieve this. 
This unit is a floating head heat exchanger made of stainless steel and priced at $87,000. 
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P-101: Pump 
P-101 pumps 3,107,840 lb/hr of recycle liquid to a pressure of 51 bar in 
preparation for the 50 bar reactor. It operates with an efficiency of 0.7, and is a carbon 
steel, centrifugal pump costing $535,000. 
P-102: Pump 
This unit is a centrifugal pump operating with an efficiency of 0.7. It is used to 
pump 3,369,000 lb/hr of recycled water to holding tank (H-103). It is constructed from 
carbon steel and is priced at $103,100. 
P-103: Pump 
This unit is a centrifugal pump operating with an efficiency of 0.7. It is used to 
pump 1,466,000 lb/hr of water from holding tank (H-103) to the pretreatment vessels 
(PV-101). It is constructed from carbon steel and is priced at $41,100. 
P-104: Pump 
There are 12 of these units; one is between each set of 2 pretreatment tanks (PV-
101). They are centrifugal pumps operating with an efficiency of 0.7. They are used to 
pump the 733,000 lb of pretreatment solution between the sets of pretreatment tanks (PV-
101). They are constructed from carbon steel and altogether are priced at $493,200. 
P-105: Pump 
P-105 pumps 2,144,296 lb/hr of flash liquid product to the next flash vessel (F-
103). This unit increases the pressure of the stream to overcome pipe and valve pressure 
losses with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $19,300. 
P-106: Pump 
P-106 pumps 956,314 lb/hr of condensed flash vapor to the recycle storage tank 
(H-103). This unit increases the pressure of the stream to overcome frictional pressure 
drops with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $12,000. 
P-107: Pump 
P-107 pumps 1,113,766 lb/hr of flash liquid product to the next flash vessel (F-
104). This unit increases the pressure of the stream to overcome pipe and valve pressure 
losses with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $13,200. 
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P-108: Pump 
P-108 pumps 1,030,530 lb/hr of condensed flash vapor to the recycle storage tank 
(H-103). This unit increases the pressure of the stream to overcome frictional pressure 
drops with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $12,700. 
P-109: Pump 
P-109 pumps 50,422 lb/hr of flash liquid product to the next flash vessel (F-105). 
This unit increases the pressure of the stream to overcome pipe and valve pressure losses 
with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $4,600. 
P-110: Pump 
P-110 pumps 1,063,340 lb/hr of condensed flash vapor to the recycle storage tank 
(H-103). This unit increases the pressure of the stream to overcome frictional pressure 
drops with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $16,600. 
P-111: Pump 
P-111 pumps 7,367 lb/hr of polyol side products with some ethylene glycol and 
propylene glycol to be burned. This unit increases the pressure of the stream to overcome 
frictional pressure drops with an efficiency of 0.7. It is a carbon steel, centrifugal pump 
costing $3,700.  
P-112: Pump 
P-112 pumps 36,541 lb/hr of unseparated product stream to the first distillation 
tower (DT-101). This unit increases the pressure of the stream to 3.0 atm to overcome 
pipe and valve pressure losses with an efficiency of 0.7. It is a carbon steel, centrifugal 
pump costing $4,600. 
P-115: Pump 
P-115 pumps 15,432 lb/hr of mostly ethylene glycol and propylene glycol to the 
second distillation tower (DT-102). This unit increases the pressure of the stream to 3.5 
atm to overcome pipe and valve pressure losses with an efficiency of 0.7. It is a carbon 
steel, centrifugal pump costing $4,300. 
P-116: Pump 
P-116 pumps 21,110 lb/hr of water from the first distillation column (DT-101) to 
the recycle storage tank (H-103). This unit increases the pressure of the stream to 
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overcome frictional pressure drops with an efficiency of 0.7. It is a carbon steel, 
centrifugal pump costing $4,300. 
P-118: Pump 
P-118 pumps 12,960 lb/hr of 99.5% ethylene glycol to its storage tank (H-102). 
This unit increases the pressure of the stream to overcome frictional pressure drops with 
an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $4,300.  
P-119: Pump 
P-119 pumps 2,469 lb/hr of mostly propylene glycol to the third and final 
distillation tower (DT-103). This unit increases the pressure of the stream to 3.5 atm to 
overcome pipe and valve pressure losses with an efficiency of 0.7. It is a carbon steel, 
centrifugal pump costing $3,700. 
P-121: Pump 
P-121 pumps 483 lb/hr of unusable product to be burned. This unit increases the 
pressure of the stream to overcome frictional pressure drops with an efficiency of 0.7. It 
is a carbon steel, centrifugal pump costing $3,700. 
P-122: Pump 
P-122 pumps 1,825 lb/hr of 99.5% propylene glycol to its storage tank (H-101). 
This unit increases the pressure of the stream to overcome frictional pressure drops with 
an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $3,700. 
P-124: Pump 
P-124 pumps 162 lb/hr of water and propylene glycol to the recycle storage tank 
(H-103). This unit increases the pressure of the stream to overcome frictional pressure 
drops with an efficiency of 0.7. It is a carbon steel, centrifugal pump costing $3,700. 
PV-101: Pretreatment tanks 
These units are 24 stirred tanks made of carbon steel used for the pretreatment 
process. They each have a volume of roughly 88,000 gallons, and are 26 feet in diameter 
by 23 feet tall. They are set up in 12 groups of 2 tanks each. When the process starts, the 
first tank in the set is filled with switchgrass and pretreatment solution, which is 1% 
NaOH by mass. The pretreatment process then takes 12 hours, after which the 
pretreatment solution is pumped through a filter to the second tank in the set to start 
pretreating another batch of switchgrass. The filter catches the switchgrass, leaving it in 
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the first tank. While the second tank is pretreating, the first tank is filled with water from 
holding tank H-103 which flushes the now cellulose-water mixture out into holding tank 
H-104. The tank then has some downtime while waiting for the second tank to finish 
pretreating and transfer the pretreating solution back again. The 24 tanks all together are 
priced at $10,372,800. 
R-101: Reactors 
R-101 is a system of 35 packed bed reactors in parallel that catalytically react 
cellulose into ethylene glycol, propylene glycol, and several other byproducts. Some 
byproducts include methane, mannitol, sorbitol, and carbon dioxide. The reactors are 
operated in down flow to ensure that the liquid phase of the feed entrains the gaseous 
feed, resulting in sufficient mixing to convert the cellulose to product. The residence time 
for each reactor is 30 minutes. The reactors are 50 feet tall, 10 feet in diameter, and made 
of stainless steel, costing $711,000 each. 
T-101: Turbine 
T-101 produces electrical energy from 3,100,605 lb/hr of liquid reactor effluent 
by reducing this stream’s pressure from 47.5 bar to 3.4 bar. This turbine produces 1,336 
kW of electricity with an efficiency of 0.7. This unit is a centrifugal liquid turbine made 
of carbon steel and priced at $114,000. 
Vac-101: Vacuum system 
This unit is a vacuum system consisting of a steam injector, condenser, holding 
tank, and a centrifugal pump. This vacuum system is used to pull the vacuum for the 
second two distillation columns (DT-102 & DT-103). All parts of the system are 
constructed from carbon steel and all together the system is priced at $8,000. 
Vac-102: Vacuum system 
This unit is a vacuum system consisting of a steam injector, condenser, holding 
tank, and a centrifugal pump. This vacuum system is used to pull the vacuum for the third 
flash tower (F-104). All parts of the system are constructed from carbon steel and all 
together the system is priced at $7,400. 
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6.4 Specifications Sheets 
 
 
 
 
 
 
 
 
 
 
 
 
 
Identification: Item C-101
No. required 1
Purchase Cost $2,114,000 Bare Module Cost $6,976,000
Function:
Operation:
Materials Handled:
Stream ID: S-106 S-107
Quantity (lb/hr): Inlet Outlet
Hydrogen 5,722 5,722
Methane 11,860 11,860
Ethane 856 856
Carbon Dioxide 16,261 16,261
Total 34,699 34,699
Temperature(F): 464 476
Pressure(psia): 696 732
Vapor Fraction: 1 1
Volumetric Flow (cuft/hr) 56,606 54,539
Design Data:
Isentropic Efficiency 0.9 Material Stainless Steel
ΔP (psi) 36 Power Req'd 121 kW
Utilities: Electricity ($/yr) $57,600
Comments:
Compressor
To pressurize the gas recycle to keep it circulating
Continuous
 49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Identification: Item C-102
No. required 1
Purchase Cost $3,361,000 Bare Module Cost $11,100,000
Function:
Operation:
Materials Handled:
Stream ID: S-109 S-108
Quantity (lb/hr): Inlet Outlet
Hydrogen 1,431 1,431
Total 1,431 1,431
Temperature(F): 70 242
Pressure(psia): 300 732
Vapor Fraction: 1 1
Volumetric Flow (cuft/hr) 13,445 7,292
Design Data:
Isentropic Efficiency 0.9 Material Stainless Steel
ΔP (psi) 432 Power Req'd 247 kW
Utilities: Electricity ($/yr) $118,000
Comments:
Compressor
To pressurize the hydrogen feed to the reactor pressure
Continuous
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Identification: Item Con-101
No. required 2
Purchase Cost $408,000 Bare Module Cost $1,293,500
Function:
Operation:
Materials Handled:
Stream ID: Cooling Water Cooling Water S-146 S-147
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water 17,601,667 17,601,667 524,885 524,885
Ethylene Glycol 0 0 5,261 5,261
Propylene Glycol 0 0 1,524 1,524
Total 17,601,667 17,601,667 531,670 531,670
Temperature(F): 90 120 190 177
Pressure(psia): 15.5 14.7 7.5 7
Vapor Fraction: 0 0 1 0
Design Data:
Q (BTU/hr) 5.30*10
8
Thi (°F) 190
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 177
A (ft2) 45,300 Tci (°F) 90
Material Carbon Steel Tco (°F) 120
ΔTLM (°F) 78
Utilities: Cooling Water ($/yr) 12,550,000$     
Comments:
Heat Exchanger
To condense flash vapor
Continuous
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Identification: Item Con-102
No. required 1
Purchase Cost $26,300 Bare Module Cost $83,400
Function:
Operation:
Materials Handled:
Stream ID: Cooling Water Cooling Water S-151 S-152
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water 982,633 982,633 21,207 21,207
Ethylene Glycol 0 0 13,032 13,032
Propylene Glycol 0 0 2,301 2,301
Sorbitol 0 0 0.55 0.55
Total 982,633 982,633 36,541 36,541
Temperature(F): 90 120 383 220
Pressure(psia): 15.5 14.7 14.7 14.7
Vapor Fraction: 0 0 1 0
Design Data:
Q (BTU/hr) 2.94*10
7 
Thi (°F) 383
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 220
A (ft2) 1,037 Tci (°F) 90
Material Carbon Steel Tco (°F) 120
ΔTLM (°F) 189
Utilities: Cooling Water ($/yr) $699,000
Comments:
Heat Exchanger
To condense flash vapor
Continuous
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Identification: Item CR-101
No. required 1
Purchase Cost 66,100.00$  Bare Module Cost 91,900.00$   
Function:
Operation:
Materials Handled:
Stream ID: S-133 S-132
Quantity (lb/hr): Inlet Outlet
Switchgrass 73,333 73,333
Total 73,333 73,333
Temperature(F): 70 70
Pressure(psia): 14.7 14.7
Vapor Fraction: 0 0
Design Data:
Flow rate 73,333 lb/hr Material Carbon Steel
Product Size 60 mesh
Mantle Diameter 20 in Power (hp) 40
Utilities: Electricity ($/yr) 37,200.00$  
Comments:
Crusher
Crush switchgrass to a managable size for the process
Continuous
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Distillation Column 
 
        
Identification: Item DT-101     
  No. required 1 
 
  
  Purchase Cost $305,700  
Bare Module 
Cost $1,161,100  
          
Function: To separate water from the desired products. 
Operation: Continuous 
  
   
  
Materials 
Handled: 
   
  
Stream ID: S-114 S-153 S-155   
Quantity (lb/hr) Feed Bottoms Distillate   
Water 21,207 98 21,109   
Ethylene Glycol 13,032 13,032 0.25   
Propylene Glycol 2,301 2,301 0.51   
Sorbitol 0.55 0.55 0   
Total 36,541 15,431 21,110   
          
Temperature(F): 220 396 230   
Pressure(psia): 22 23 21   
Vapor fraction 0 0 0   
          
Design Data: 
   
  
Number of stages: 22 
  
  
Feed Stage: 12 
  
  
Reflux Ratio: 0.09 
  
  
Tray efficiency: 0.7 
  
  
Tray spacing (ft) 2 
  
  
Tray type: Sieve 
  
  
          
Utilities: Cooling water ($/yr) $526,000      
  450 psig Steam($/yr) $1,627,669 
 
  
  Electricity ($/yr) $18  
 
  
          
 
Associated Components:       
  
   
  
Tower 
   
  
  Equip. type Vertical Vessel 
 
  
  Column Height (ft) 52 
 
  
  Inside Diameter (ft) 9.5 
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  Material: Carbon Steel 
 
  
  Bare Module Cost $811,000  
 
  
  
   
  
Condenser 
   
  
  Equip. type Fixed Head Heat Exchanger   
  Item Name Con-103 
 
  
  Heat Duty (BTU/hr) 2.22*107  
 
  
  Area (ft2) 696 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $58,000  
 
  
  
   
  
Reboiler 
 
- 
 
  
  Equip. type 
U-tube Shell and Tube Heat 
Exchanger   
  Item Name Rb-101 
 
  
  Heat Duty (BTU/hr) 2.44*107  
 
  
  Area (ft2) 2,924 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $242,000  
 
  
  
   
  
Reflux 
Accumulator 
 
- 
 
  
  Equip. type Horizontal Vessel 
 
  
  Item Name RA-101 
 
  
  Length (ft) 6 
 
  
  Diameter (ft) 3 
 
  
  Bare Module Cost $33,600  
 
  
  
   
  
Reflux Pump 
 
- 
 
  
  Equip. type Centrifugal Pump 
 
  
  Item Name P-114 
 
  
  Power Req'd - 
 
  
  Pump Head 
  
  
  Efficiency 0.7 
 
  
  Bare Module Cost $16,500  
 
  
  
 
      
Comments:         
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Distillation Column 
  
Identification: Item DT-102     
  No. required 1 
 
  
  Purchase Cost $814,000  
Bare Module 
Cost $3,067,500  
          
Function: Separate the ethylene glycol product from propylene 
Operation: Continuous 
  
   
  
Materials 
Handled: 
   
  
Stream ID: S-154 S-157 S-158   
Quantity (lb/hr) Feed Bottoms Distillate   
Water 98 0 98   
Ethylene Glycol 13,032 12,896 135   
Propylene Glycol 2,301 64 2,236   
Sorbitol 0.55 0.55 0   
Total 15,431 12,961 2,470   
          
Temperature(F): 396 376 236   
Pressure(psia): 29 12 4.4   
Vapor fraction 0 0 0   
          
Design Data: 
   
  
Number of 
stages: 80 
  
  
Feed Stage: 40 
  
  
Reflux Ratio: 29 
  
  
Tray efficiency: 0.7 
  
  
Tray spacing (ft) 2 
  
  
Tray type: Sieve 
  
  
        
Utilities: Cooling water ($/yr) $727,000     
  450 psig Steam($/yr) $1,960,000 
 
  
  Electricity ($/yr) $2,300 
 
  
Associated Components:      
  
   
  
Tower 
   
  
  Equip. type Vertical Vessel 
 
  
  Column Height (ft) 168 
 
  
  Inside Diameter (ft) 10 
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  Material: Carbon Steel 
 
  
  Bare Module Cost $2,667,000  
 
  
  
   
  
Condenser 
   
  
  Equip. type Fixed Head Heat Exchanger   
  Item Name Con-104 
 
  
  Heat Duty (BTU/hr) 3.06*107  
 
  
  Area (ft2) 1,315 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $88,800  
 
  
  
   
  
Reboiler 
 
- 
 
  
  Equip. type 
U-tube Shell and Tube Heat 
Exchanger   
  Item Name Rb-102 
 
  
  Heat Duty (BTU/hr) 3.01*107  
 
  
  Area (ft2) 4,118 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $380,000  
 
  
  
   
  
Reflux 
Accumulator 
 
- 
 
  
  Equip. type 
Horizontal 
Vessel 
 
  
  Item Name RA-102 
 
  
  Length (ft) 12 
 
  
  Diameter (ft) 4 
 
  
  Bare Module Cost $57,000  
 
  
  
   
  
Reflux Pump 
 
- 
 
  
  Equip. type 
Centrifugal 
Pump 
 
  
  Item Name P-117 
 
  
  Power Req'd - 
 
  
  Pump Head 
  
  
  Efficiency 0.7 
 
  
  Bare Module Cost $20,500  
 
  
         
Comments:         
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Distillation Column 
  
Identification: Item DT-103     
  No. required 1 
 
  
  Purchase Cost $438,800  
Bare Module 
Cost $1,685,500  
          
Function: Purify propylene glycol to its required mass percent 
Operation: Continuous 
  
   
  
Materials 
Handled: 
   
  
Stream ID: S-159 S-160 S-163 S-162 
Quantity (lb/hr) Feed Bottoms Distillate Drawoff 
Water 98 0 94 4 
Ethylene Glycol 135 130 0.16 5 
Propylene Glycol 2,236 353 68 1,816 
Total 2,470 483 162 1,825 
          
Temperature(F): 237 355 163 302 
Pressure(psia): 29 10.3 4.4 4.7 
Vapor fraction 0 0 0 0 
          
Design Data: 
   
  
Number of 
stages: 60 
  
  
Feed Stage: 30 
  
  
Reflux Ratio: 40 
  
  
Tray efficiency: 0.7 
  
  
Tray spacing (ft) 2 
  
  
Tray type: Sieve 
  
  
        
Utilities: Cooling water ($/yr) $117,000     
  150 psig Steam($/yr) $232,000 
 
  
  Electricity ($/yr) $148 
 
  
         
Associated Components:       
  
   
  
Tower 
   
  
  Equip. type Vertical Vessel 
 
  
  Column Height (ft) 128 
 
  
  Inside Diameter (ft) 5.5 
 
  
  Material: Carbon Steel 
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  Bare Module Cost $1,240,000  
 
  
  
   
  
Condenser 
   
  
  Equip. type Fixed Head Heat Exchanger   
  Item Name Con-105 
 
  
  Heat Duty (BTU/hr) 4.93*106 
 
  
  Area (ft2) 255 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $38,400  
 
  
  
   
  
Reboiler 
 
- 
 
  
  Equip. type 
U-tube Shell and Tube Heat 
Exchanger   
  Item Name Rb-103 
 
  
  Heat Duty (BTU/hr) 5.04*106 
 
  
  Area (ft2) 4,895 
 
  
  Material Carbon Steel 
 
  
  Bare Module Cost $349,000  
 
  
  
   
  
Reflux 
Accumulator 
 
- 
 
  
  Equip. type 
Horizontal 
Vessel 
 
  
  Item Name RA-103 
 
  
  Length (ft) 9 
 
  
  Diameter (ft) 3 
 
  
  Bare Module Cost $44,200  
 
  
  
   
  
Reflux Pump 
 
- 
 
  
  Equip. type 
Centrifugal 
Pump 
 
  
  Item Name P-120 
 
  
  Power Req'd - 
 
  
  Pump Head 
  
  
  Efficiency 0.7 
 
  
  Bare Module Cost $13,900  
 
  
         
Comments:         
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Identification: Item F-101
No. required 1
Purchase Cost $1,133,000 Bare Module Cost $4,713,000
Function:
Operation:
Materials Handled:
Stream ID: S-101 S-103 S-102
Quantity (lb/hr): Inlet Vapor Liquid
Water 3,056,620 0 3,056,620
Ethylene Glycol 25,000 0 25,000
Propylene Glycol 5,752 0 5,752
Polyol Byproducts 7,367 0 7,367
Hydrogen 7,153 7,153 0
Methane 14,825 14,825 0
Ethane 1,070 1070 0
Carbon Dioxide 20,327 20,327 0
Lignin 5,866 0 5,866
Total 3,143,980 43,375 3,100,605
Temperature(F): 464 464 464
Pressure(psia): 696 696 696
Design Data:
Material: Stainless Steel
Pressure(psia): 696
Diameter(ft): 14.5
Height(ft): 43
Utilities:
Comments:
Flash Vessel
To separate vapor and liquid reactor effluent
Continuous
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Identification: Item F-102
No. required 1
Purchase Cost $133,000 Bare Module Cost $553,000
Function:
Operation:
Materials Handled:
Stream ID: S-112 S-136 S-134
Quantity (lb/hr): Inlet Vapor Liquid
Water 3,056,620 955,805 2,100,815
Ethylene Glycol 25,000 376 24,624
Propylene Glycol 5,752 133 5,619
Polyol Byproducts 7,367 0 7,367
Lignin 5,866 0 5,866
Total 3,100,605 956,314 2,144,291
Temperature(F): 243 274 274
Pressure(psia): 44 44 44
Design Data:
Material: Carbon Steel
Pressure(psia): 44
Diameter(ft): 18.5
Height(ft): 20.5
Utilities: 50 psig Steam ($/yr) $26,500,000
Comments:
Flash Vessel
To separate water from the desired products
Continuous
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Identification: Item F-103-HX
No. required 1
Purchase Cost $1,600,000 Bare Module Cost $5,072,000
Function:
Operation:
Materials Handled:
Stream ID: - - S-136 S-137
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water - - 955,805 955,805
Ethylene Glycol - - 376 376
Propylene Glycol - - 133 133
Total - - 956,314 956,314
Temperature(F): - - 274 273
Pressure(psia): - - 44 43.5
Vapor Fraction: - - 1 0
Design Data:
Q (BTU/hr) 8.93*10
8
Thi (°F) 274
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 273
A (ft2) 148,833 Tci (°F) 234
Material Carbon Steel Tco (°F) 234
ΔTLM (°F) 40
Utilities:
Comments: No cold stream because the heat is transferred to F-103
Heat Exchanger
To condense flash vapor and provide flash heat duty
Continuous
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Identification: Item F-103
No. required 1
Purchase Cost $147,000 Bare Module Cost $612,000
Function:
Operation:
Materials Handled:
Stream ID: S-135 S-141 S-139
Quantity (lb/hr): Inlet Vapor Liquid
Water 2,100,820 1,029,780 1,071,040
Ethylene Glycol 24,624 550 24,074
Propylene Glycol 5,619 200 5,419
Polyol Byproducts 7,367 0 7,367
Lignin 5,866 0 5,866
Total 2,144,296 1,030,530 1,113,766
Temperature(F): 233 234 234
Pressure(psia): 22 22 22
Design Data:
Material: Carbon Steel
Pressure(psia): 22
Diameter(ft): 22
Height(ft): 12.5
Utilities:
Comments:
Flash Vessel
To separate water from the desired products
Continuous
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Identification: Item F-104-HX
No. required 1
Purchase Cost $1,700,000 Bare Module Cost $5,389,000
Function:
Operation:
Materials Handled:
Stream ID: - - S-141 S-142
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water - - 1,029,780 1,029,780
Ethylene Glycol - - 550 550
Propylene Glycol - - 200 200
Total - - 1,030,530 1,030,530
Temperature(F): - - 234 232
Pressure(psia): - - 22 21.5
Vapor Fraction: - - 1 0
Design Data:
Q (BTU/hr) 9.91*10
8
Thi (°F) 234
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 232
A (ft2) 153,643 Tci (°F) 190
Material Carbon Steel Tco (°F) 190
ΔTLM (°F) 43
Utilities:
Comments: No cold stream because the heat is transferred to F-104
Heat Exchanger
To condense flash vapor and provide flash heat duty
Continuous
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Identification: Item F-104
No. required 1
Purchase Cost $352,000 Bare Module Cost $1,464,000
Function:
Operation:
Materials Handled:
Stream ID: S-140 S-146 S-144
Quantity (lb/hr): Inlet Vapor Liquid
Water 1,071,040 1,049,770 21,265
Ethylene Glycol 24,074 10,522 13,552
Propylene Glycol 5,419 3,048 2,371
Polyol Byproducts 7,367 0 7,367
Lignin 5,866 0 5,866
Total 1,113,766 1,063,340 50,421
Temperature(F): 212 190 190
Pressure(psia): 15 7.5 7.5
Design Data:
Material: Carbon Steel
Pressure(psia): 7.5
Diameter(ft): 20
Height(ft): 40
Utilities:
Comments:
Flash Vessel
To separate water from the desired products
Continuous
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Identification: Item F-105
No. required 1
Purchase Cost $26,700 Bare Module Cost $111,000
Function:
Operation:
Materials Handled:
Stream ID: S-145 S-151 S-149
Quantity (lb/hr): Inlet Vapor Liquid
Water 21,265 21,207 58
Ethylene Glycol 13,552 13,032 520
Propylene Glycol 2,371 2,301 70
Polyol Byproducts 7,367 0.55 7,366
Lignin 5,866 0 5,866
Total 50,421 36,541 13,880
Temperature(F): 190 383 383
Pressure(psia): 14.7 14.7 14.7
Design Data:
Material: Carbon Steel
Pressure(psia): 15
Diameter(ft): 5.5
Height(ft): 12
Utilities: 450 psig Steam ($/yr) $2,048,000
Comments:
Flash Vessel
To separate out the polyol byproducts
Continuous
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Identification: Item Fan-101
No. required 1
Purchase Cost 1,680.00$     Bare Module Cost 3,600.00$          
Function:
Operation:
Materials Handled:
Stream ID: S-105
Quantity (lb/hr): Inlet
Hydrogen 1,430                     
Methane 2,965                     
Carbon Dioxide 4,065                     
Ethane 214                         
Total 8,674                     
Temperature(F): 75.9
Pressure(psia): 58.78
Vapor Fraction: 1
Design Data:
Flow rate (ft^3/min) 1,620                     Material Stainless Steel
Power Req'd 14.91 kw
Utilities: Electricity ($/yr) 27,900.00$  
Comments:
Fan
Blow purge gasses to be burned
continuous
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Identification: Item H-101
No. required 1
Purchase Cost 65,800.00$  Bare Module Cost 201,000.00$  
Function:
Operation:
Materials Handled:
Stream ID: S-116
Quantity (lb/hr): Inlet
Ethylene Glycol 5.4
Propylene Glycol 1,815                   
Water 3.7
Total 1,824                   
Design Data:
Volume(L): 155,200
Diameter(ft): 14
Length(ft): 35.7
Material: Carbon Steel
Utilities:
Comments:
Holding Tank
Hold 7 days of propylene glycol 
Continuous
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Identification: Item H-102
No. required 1
Purchase Cost 140,000.00$  Bare Module Cost 427,000.00$  
Function:
Operation:
Materials Handled:
Stream ID: S-115
Quantity (lb/hr): Inlet
Ethylene Glycol 12,896
Propylene Glycol 64
Polyol Byproducts 0.55
Total 12,961
Design Data:
Volume(L): 155,200
Diameter(ft): 14.5
Length(ft): 95
Material: Carbon Steel
Utilities:
Comments:
Holding Tank
Hold 3 days worth of Ethylene Glycol
Continuous
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Identification: Item H-103
No. required 1
Purchase 221,000.00$    Bare Module Cost 674,000.00$  
Function:
Operation:
Materials Handled:
Stream ID: S-127 S-128
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 4,983                   4,983                 
Propylene Glycol 1,501                   1,501                 
Water 1,330,529           1,330,529         
Total 1,337,013           1,337,013         
Design Data:
Volume(L): 666,725
Diameter(ft): 22
Length(ft): 62
Material: Carbon Steel
Utilities:
Comments:
Holding Tank
Hold recycled water for use in (PV-101)
Continuous
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Identification: Item H-104
No. required 1
Purchase Cost 1,286,000.00$   Bare Module Cost 3,922,999.00$   
Function:
Operation:
Materials Handled:
Stream ID: S-130 S-126 S-120
Quantity (lb/hr): Inlet Inlet Outlet
Cellulose 30,437                 0 30,437                      
Ethylene Glycol 4,983                   6,465                   11,448                      
Propylene Glycol 1,501                   1,948                   3,448                         
Water 1,330,529           1,726,156           3,056,600                 
Total 1,367,450           1,734,569           3,101,933                 
Design Data:
Volume(L): 5,360,000
Diameter(ft): 22
Length(ft): 62
Material: Carbon Steel
Utilities:
Comments:
Holding Tank
Hold 3.5 hours of reactant mixture from PV-101
Continuous
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Identification: Item HX-101
No. required 7
Purchase Cost 756,000$     Bare Module Cost 2,400,000$  
Function:
Operation:
Materials Handled:
Stream ID: S-121 S-122 S-102 S-111
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water 436,663 436,663 436,660 436,660
Ethylene Glycol 1,635 1,635 3,571 3,571
Propylene Glycol 493 493 822 822
Cellulose 4,348 4,348 0 0
Polyol Byproducts 0 0 1,052 1,052
Lignin 838 838 838 838
Total 443,977 443,977 442,944 442,944
Temperature(F): 230 455 464 244
Pressure(psia): 740 732 696 689
Vapor Fraction: 0 0 0 0
Design Data:
Q (BTU/hr) 1.30*10
8
Thi (°F) 464
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 244
A (ft2) 78,788 Tci (°F) 230
Material Carbon Steel Tco (°F) 455
ΔTLM (°F) 11
Utilities:
Comments:
Heat Exchanger
To heat the recycle stream
Continuous
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Identification: Item HX-102
No. required 1
Purchase Cost $142,000 Bare Module Cost $450,000
Function:
Operation:
Materials Handled:
Stream ID: S-122 S-123 Steam Steam
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Water 3,056,640 3,056,640 64,399 64,399
Ethylene Glycol 11,448 11,448 0 0
Propylene Glycol 3,449 3,449 0 0
Cellulose 30,437 30,437 0 0
Total 3,101,974 3,101,974 64,399 64,399
Temperature(F): 455 464 480 480
Pressure(psia): 732 725 565 565
Vapor Fraction: 0 0 1 0
Design Data:
Q (BTU/hr) 4.52*10
7
Thi (°F) 480
Uo (BTU/(hr*ft2*°F)) 150 Tho (°F) 480
A (ft2) 15,067 Tci (°F) 455
Material Carbon Steel Tco (°F) 464
ΔTLM (°F) 20
Utilities: 550 psig Steam ($/yr) $3,570,000
Comments:
Heat Exchanger
To raise the temperature of the recycle to 240°C
Continuous
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Identification: Item HX-103
No. required 1
Purchase Cost $87,000 Bare Module Cost $276,000
Function:
Operation:
Materials Handled:
Stream ID: S-110 S-124 Steam Steam
Quantity (lb/hr): Cold In Cold Out Hot In Hot Out
Hydrogen 7,153 7,153 0 0
Methane 11,860 11,860 0 0
Ethane 856 856 0 0
Carbon Dioxide 16,261 16,261 0 0
Water 0 0 981 981
Total 36,130 36,130 981 981
Temperature(°F): 446 464 480 480
Pressure(psia): 732 725 565 565
Vapor Fraction: 1 1 1 0
Design Data:
Q (BTU/hr) 6.89*10
5 
Thi (°F) 480
Uo (BTU/(hr*ft2*°F)) 100 Tho (°F) 480
A (ft2) 287 Tci (°F) 446
Material Stainless Steel Tco (°F) 464
ΔTLM (°F) 24
Utilities: 550 psig Steam ($/yr) $54,400
Comments:
Heat Exchanger
To raise the temperature of hydrogen to 240°C
Continuous
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Identification: Item P-101
No. required 2
Purchase Cost $535,000 Bare Module Cost $1,766,000
Function:
Operation:
Materials Handled:
Stream ID: S-120 S-121
Quantity (lb/hr): Inlet Outlet
Water 3,056,640 3,056,640
Ethylene Glycol 11,448 11,448
Propylene Glycol 3,449 3,449
Cellulose 30,437 30,437
Lignin 5,866 5,866
Total 3,107,840 3,107,840
Temperature(F): 227 230
Pressure(psia): 29 740
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 6,744 Material Carbon Steel
ΔP (psi) 711
Pump Head(ft) 1,801 Power Req'd 2,977 kW
Utilities: Electricity ($/yr) $1,414,000
Comments:
Pump
Pressurizes recycle liquid to necessary reactor pressure
Continuous
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Identification: Item P-102
No. required 2
Purchase Cost 103,000.00$  Bare Module Cost 340,000.00$  
Function:
Operation:
Materials Handled:
Stream ID: S-118 S-119 S-125
Quantity (lb/hr): Inlet Inlet Outlet
Ethylene Glycol 11,448                   0 11,448                      
Propylene Glycol 3,448                     0 3,448                         
Water 3,056,600             61                     3,056,661                 
Total 3,071,496             61                     3,071,557                 
Temperature(F): 227 70 227
Pressure(psia): 29 29 44
Vapor Fraction: 0 0 0
Design Data:
Flow rate (GPM) 6,744                     Material Carbon Steel
ΔP (psia) 15 Power Req'd 47.74 kw
Pump Head (ft) 30
Utilities: Electricity ($/yr) 251,000.00$  
Comments:
Pump
Pumps recycled water to holding tank (H-103)
continuous
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Identification: Item P-103
No. required 2
Purchase Cost 41,100.00$     Bare Module Cost 136,000.00$  
Function:
Operation:
Materials Handled:
Stream ID: S-128 S-129
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 4,983                     4,983               
Propylene Glycol 1,501                     1,501               
Water 1,330,529             1,330,529       
Total 1,337,013             1,337,013       
Temperature(F): 227 227
Pressure(psia): 29 38
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,935                     Material Carbon Steel
ΔP (psia) 9 Power Req'd 22.37 kw
Pump Head (ft) 30
Utilities: Electricity ($/yr) 135,000.00$  
Comments:
Pump
Pump water from tank (H-103) to (PV-101) vessels
batch
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Identification: Item P-104
No. required 24
Purchase Cost 41,083.33$         Bare Module Cost 135,583.33$      
Function:
Operation:
Materials Handled:
Stream ID: S-131a S-131b
Quantity (lb/hr): Inlet Outlet
Pretreatment sol. 733,333                 733,333              
Total 733,333                 733,333              
Temperature(F): 227 227
Pressure(psia): 14.7 23.7
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,935                     Material Carbon Steel
ΔP (psia) 9 Power Req'd 22.37 kw
Pump Head (ft) 30
Utilities: Electricity ($/yr) 117,250.00$      
Comments:
Pump
Cycle the pretreament solution between PV-101 vessels
batch
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Identification: Item P-105
No. required 2
Purchase Cost $19,300 Bare Module Cost $63,700
Function:
Operation:
Materials Handled:
Stream ID: S-134 S-135
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 24,624 24,624
Propylene Glycol 5,619 5,169
Polyol Byproducts 7,367 7,367
Water 2,100,820 2,100,820
Lignin 5,866 5,866
Total 2,144,296 2,144,296
Temperature(F): 274 274
Pressure(psia): 44 47
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 4,837 Material Carbon Steel
ΔP (psi) 3
Pump Head(ft) 8 Power Req'd 11 kW
Utilities: Electricity ($/yr) $5,300
Comments:
Pump
To pump liquid flash product to the next vessel
Continuous
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Identification: Item P-106
No. required 2
Purchase Cost $12,000 Bare Module Cost $39,600
Function:
Operation:
Materials Handled:
Stream ID: S-137 S-138
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 376 376
Propylene Glycol 133 133
Water 955,805 955,805
- - -
Total 956,314 956,314
Temperature(F): 273 273
Pressure(psia): 44 58
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,167 Material Carbon Steel
ΔP (psi) 14
Pump Head(ft) 37 Power Req'd 9 kW
Utilities: Electricity ($/yr) $4,500
Comments:
Pump
To pump condensed flash vapor around the recycle
Continuous
 80 
 
 
 
 
 
 
 
 
 
 
 
 
Identification: Item P-107
No. required 2
Purchase Cost $13,200 Bare Module Cost $43,600
Function:
Operation:
Materials Handled:
Stream ID: S-139 S-140
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 24,074 24,074
Propylene Glycol 5,419 5,419
Polyol Byproducts 7,367 7,367
Water 1,071,040 1,071,040
Lignin 5,866 5,866
Total 1,113,766 1,113,766
Temperature(F): 234 234
Pressure(psia): 22 29
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,433 Material Carbon Steel
ΔP (psi) 7
Pump Head(ft) 19 Power Req'd 11 kW
Utilities: Electricity ($/yr) $5,300
Comments:
Pump
To pump liquid flash product to the next vessel
Continuous
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Pump
Identification: Item P-108
No. required 2
Purchase Cost $12,700 Bare Module Cost $41,900
Function:To pump condensed flash vapor around the recycle
Operation: Continuous
Materials Handled:
Stream ID: S-142 S-143
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 550 550
Propylene Glycol 200 200
Water 1,029,780 1,029,780
Total 1,030,530 1,030,530
Temperature(F): 232 232
Pressure(psia): 22 29
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,271 Material Carbon Steel
ΔP (psi) 7
Pump Head(ft) 20 Power Req'd 11 kW
Utilities: Electricity ($/yr) $5,300
Comments:
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Identification: Item P-109
No. required 2
Purchase Cost $4,600 Bare Module Cost $15,200
Function:
Operation:
Materials Handled:
Stream ID: S-144 S-145
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 13,552 13,552
Propylene Glycol 2,372 2,372
Polyol Byproducts 7,367 7,367
Water 21,265 21,265
Lignin 5,866 5,866
Total 50,422 50,422
Temperature(F): 190 190
Pressure(psia): 7.5 29
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 86 Material Carbon Steel
ΔP (psi) 21.5
Pump Head(ft) 49 Power Req'd 1.2 kW
Utilities: Electricity ($/yr) $553
Comments:
Pump
To pump liquid flash product to the next vessel
Continuous
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Identification: Item P-110
No. required 2
Purchase Cost $16,600 Bare Module Cost $54,800
Function:
Operation:
Materials Handled:
Stream ID: S-147 S-148
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 10,522 10,522
Propylene Glycol 3,048 3,048
Water 1,049,770 1,049,770
Total 1,063,340 1,063,340
Temperature(F): 177 177
Pressure(psia): 7 29
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 2,261 Material Carbon Steel
ΔP (psi) 22
Pump Head(ft) 55 Power Req'd 31 kW
Utilities: Electricity ($/yr) $14,951
Comments:
Pump
To pump condensed flash vapor around the recycle
Continuous
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Identification: Item P-111
No. required 2
Purchase Cost $3,700 Bare Module Cost $12,200
Function:
Operation:
Materials Handled:
Stream ID: S-149 S-150
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 520 520
Propylene Glycol 71 71
Polyol Byproducts 7,367 7,367
Water 58 58
Lignin 5,866 5,866
Total 13,882 13,882
Temperature(F): 383 383
Pressure(psia): 14.7 22
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 12.4 Material Carbon Steel
ΔP (psi) 7.3
Pump Head(ft) 13 Power Req'd 0.057 kW
Utilities: Electricity ($/yr) $26
Comments:
Pump
To pump byproducts to be burned
Continuous
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Identification: Item P-112
No. required 2
Purchase Cost $4,600 Bare Module Cost $15,200
Function:
Operation:
Materials Handled:
Stream ID: S-152 S-114
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 13,032 13,032
Propylene Glycol 2,301 2,301
Sorbitol 0.55 0.55
Water 21,207 21,207
Total 36,541 36,541
Temperature(F): 220 220
Pressure(psia): 14.2 44
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 76 Material Carbon Steel
ΔP (psi) 29.8
Pump Head(ft) 72 Power Req'd 1.41 kW
Utilities: Electricity ($/yr) $670
Comments:
Pump
To pump the product stream to the first distillation column
Continuous
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Identification: Item P-115
No. required 2
Purchase Cost $4,300 Bare Module Cost $14,200
Function:
Operation:
Materials Handled:
Stream ID: S-153 S-154
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 13,032 13,032
Propylene Glycol 2,301 2,301
Sorbitol 0.55 0.55
Water 98 98
Total 15,432 15,432
Temperature(F): 396 396
Pressure(psia): 23 51
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 33 Material Carbon Steel
ΔP (psi) 28
Pump Head(ft) 72 Power Req'd 0.59 kW
Utilities: Electricity ($/yr) $283
Comments:
Pump
To pump the product stream to the second distillation column
Continuous
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Identification: Item P-116
No. required 2
Purchase Cost $4,300 Bare Module Cost $14,200
Function:
Operation:
Materials Handled:
Stream ID: S-155 S-156
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 0.25 0.25
Propylene Glycol 0.51 0.51
Water 21,109 21,109
Total 21,110 21,110
Temperature(F): 230 230
Pressure(psia): 21 29
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 46 Material Carbon Steel
ΔP (psi) 8
Pump Head(ft) 22 Power Req'd 0.25 kW
Utilities: Electricity ($/yr) $121
Comments:
Pump
To pump condensed distillate around the recycle
Continuous
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Identification: Item P-118
No. required 2
Purchase Cost $4,300 Bare Module Cost $14,200
Function:
Operation:
Materials Handled:
Stream ID: S-157 S-115
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 12,896 12,896
Propylene Glycol 64 64
Sorbitol 0.55 0.55
Total 12,960 12,960
Temperature(F): 376 376
Pressure(psia): 12 22
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 27 Material Carbon Steel
ΔP (psi) 10
Pump Head(ft) 24 Power Req'd 0.16 kW
Utilities: Electricity ($/yr) $78
Comments:
Pump
To pump ethylene glycol product to its storage tank
Continuous
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Identification: Item P-119
No. required 2
Purchase Cost $3,700 Bare Module Cost $12,200
Function:
Operation:
Materials Handled:
Stream ID: S-158 S-159
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 135 135
Propylene Glycol 2,236 2,236
Water 98 98
Total 2,469 2,469
Temperature(F): 237 237
Pressure(psia): 4.4 51
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 5.2 Material Carbon Steel
ΔP (psi) 46.6
Pump Head(ft) 114 Power Req'd 0.15 kW
Utilities: Electricity ($/yr) $72
Comments:
Pump
To pump diluted propylene glycol to the final distillation column
Continuous
 90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Identification: Item P-121
No. required 2
Purchase Cost $3,700 Bare Module Cost $12,200
Function:
Operation:
Materials Handled:
Stream ID: S-160 S-161
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 130 130
Propylene Glycol 353 353
Total 483 483
Temperature(F): 355 355
Pressure(psia): 10 22
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 1.1 Material Carbon Steel
ΔP (psi) 12
Pump Head(ft) 30 Power Req'd 0.0079 kW
Utilities: Electricity ($/yr) $4
Comments:
Pump
To pump unusable product stream to be burned
Continuous
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Identification: Item P-122
No. required 2
Purchase Cost $3,700 Bare Module Cost $12,200
Function:
Operation:
Materials Handled:
Stream ID: S-162 S-116
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 5.4 5.4
Propylene Glycol 1,816 1,816
Water 3.7 3.7
Total 1,825 1,825
Temperature(F): 302 302
Pressure(psia): 4.7 22
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 4 Material Carbon Steel
ΔP (psi) 17.3
Pump Head(ft) 45 Power Req'd 0.044 kW
Utilities: Electricity ($/yr) $21
Comments:
Pump
To pump propylene glycol product to its storage tank
Continuous
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Identification: Item P-124
No. required 2
Purchase Cost $3,700 Bare Module Cost $12,200
Function:
Operation:
Materials Handled:
Stream ID: S-163 S-164
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 0.16 0.16
Propylene Glycol 68 68
Water 94 94
Total 162 162
Temperature(F): 163 164
Pressure(psia): 4.4 29.4
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 0.33 Material Carbon Steel
ΔP (psi) 25
Pump Head(ft) 59 Power Req'd 0.0051 kW
Utilities: Electricity ($/yr) $2
Comments:
Pump
To pump condensed distillate around the recycle
Continuous
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Identification: Item PV-101
No. required 24
Purchase Cost 433,000.00$         Bare Module Cost 1,804,000.00$     
Function:
Operation:
Materials Handled:
Stream ID: S-132 S-129 S-131 S-130
Quantity (lb/hr): Inlet Inlet Inlet/Outlet Outlet
Switchgrass 73,333 0 0 0
Cellulose 0 0 0 30,400
Pretreatment sol. 0 0 733,333 0
Water 0 1,330,529 0 1,330,529
Ethylene Glycol 0 4,983                     0 4,983                     
Propylene Glycol 0 1,501                     0 1,501                     
Total 73,333 1,337,013 733,333                        1,367,413             
Design Data:
Volume(L): 333,333 Mixing Time(hr): 12
Diameter(ft): 26 Agitator Power(hp) 200
Height(ft): 23
Material: Carbon Steel
Utilities: Electricity ($/yr) 94,583.33$           
Comments:
Pretreatment Vessel
Pretreatment of switchgrass to extract cellulose
Semi-batch
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Identification: Item R-101
No. required 35
Purchase Cost $711,000 Bare Module Cost $2,960,000
Function:
Operation:
Materials Handled:
Stream ID: S-123 & S-124 S-101
Quantity (lb/hr): Inlet Outlet
Hydrogen 204 204
Methane 339 424
Carbon Dioxide 465 581
Ethane 24 31
Ethylene Glycol 327 714
Propylene Glycol 99 164
Water 87,333 87,332
Cellulose 870 0
Polyol Byproducts 0 210
Lignin 168 168
Total 89,828 89,828
Temperature(F): 464 464
Pressure(psia): 725 696
Design Data:
Residence Time: 30 min Temp (F) 464
Material: Stainless Steel Pressure (psig) 725
Height: (ft) 50
Diameter: (ft) 10
Utilities:
Comments:
Reactor
Serves as a vessel for the catalytic conversion of cellulose
Continuous
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Identification: Item T-101
No. required 2
Purchase Cost $114,000 Bare Module Cost $376,000
Function:
Operation:
Materials Handled:
Stream ID: S-111 S-112
Quantity (lb/hr): Inlet Outlet
Ethylene Glycol 25,000 25,000
Propylene Glycol 5,752 5,752
Polyol Byproducts 7,367 7,367
Water 3,056,620 3,056,620
Lignin 5,866 5,866
Total 3,100,605 3,100,605
Temperature(F): 244 243
Pressure(psia): 689 50
Vapor Fraction: 0 0
Design Data:
Flow rate (GPM) 6,865 Material Carbon Steel
ΔP (psi) -639
Head Loss (ft) 1,637 Power Produced 1,336 kW
Utilities: Electricity Gained($/yr) $634,700
Comments:
Liquid Turbine
Produces electricity by lowering the reactor effluent pressure
Continuous
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Identification: Item Vac-101
No. required 1
Purchase Cost 8,000.00$    Bare Module Cost 26,400.00$  
Function:
Operation:
Materials Handled:
Stream ID: Steam Air leakage
Quantity (lb/hr)
Steam 311 0
Air 0 254
Total 311 254
Temperature(F): 337 199
Pressure(psia): 100 4.4
Vapor fraction 1 1
Utilities: Cooling water ($/yr) 9,100.00$    
Steam ($/yr) 10,100.00$  
Associated Components:
Injector:
Steam rate (lb/hr) 311
Purchase Cost 2,200.00$    
Condenser:
Equip. type Fixed head condenser
Heat Duty (Btu/hr) 383,644        
Area (ft^2) 13.25
Material Carbon Steel
Purchase Cost 1,600.00$    
Holding tank:
Volume (gal) 3
Pump:
Equip. type Centrifugal pump
Item Name P-123
Flow rate (GPM) 0.623
Power Req'd (kw) 0.09
Purchase Cost 4,200.00$    
Comments:
Vacuum System
Pull the vacuum for the second to distillation towers
continuous
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Vacuum System
Identification: Item Vac-102
No. required 1
Purchase Cost 7,400.00$    Bare Module Cost 24,400.00$  
Function:
Operation:
Materials Handled:
Stream ID: Steam Air leakage
Quantity (lb/hr)
Steam 261 0
Air 0 104
Total 261 104
Temperature(F): 337 199
Pressure(psia): 100 4.4
Vapor fraction 1 1
Utilities: Cooling water ($/yr) 7,600.00$    
Steam ($/yr) 8,500.00$    
Associated Components:
Injector:
Steam rate (lb/hr) 261
Purchase Cost 1,700.00$    
Condenser:
Equip. type Fixed head condenser
Heat Duty (Btu/hr) 321,767       
Area (ft^2) 11.11
Material Carbon Steel
Purchase Cost 1,500.00$    
Holding tank:
Volume (gal) 2.5
Pump:
Equip. type Centrifugal pump
Item name P-113
Flow rate (GPM) 0.522
Power Req'd (kw) 0.09
Purchase Cost 4,200.00$    
Comments:
Pull the vacuum for the third flash vessel
continuous
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6.5 Equipment Costs Summary 
 
 
Unit Equipment Purchase Cost Bare Module Factor Bare Module Cost
C-101 Compressor 2,114,000.00$             3.30 6,976,000.00$             
C-102 Compressor 3,361,000.00$             3.30 11,100,000.00$           
Con-101 Heat Exchanger 816,000.00$                3.17 2,587,000.00$             
Con-102 Condenser 26,300.00$                 3.17 83,400.00$                 
Con-103 Condenser 18,300.00$                 3.17 58,000.00$                 
Con-104 Condenser 28,000.00$                 3.17 88,800.00$                 
Con-105 Condenser 12,100.00$                 3.17 38,400.00$                 
CR-101 Crusher 66,100.00$                 1.39 91,900.00$                 
DT-101 Tower 195,000.00$                4.16 811,000.00$                
DT-102 Tower 641,000.00$                4.16 2,667,000.00$             
DT-103 Tower 298,000.00$                4.16 1,240,000.00$             
F-101 Tower 1,133,000.00$             4.16 4,713,000.00$             
Fan-101 Fan 1,680.00$                   2.15 3,600.00$                   
F-102 Flash Vessel 133,000.00$                4.16 553,000.00$               
F-103-HX Heat Exchanger 1,600,000.00$             3.17 5,072,000.00$             
F-103 Flash Vessel 147,000.00$                4.16 612,000.00$               
F-104-HX Heat Exchanger 1,700,000.00$             3.17 5,389,000.00$             
F-104 Flash Vessel 352,000.00$                4.16 1,464,000.00$             
F-105 Flash Vessel 26,700.00$                 4.16 111,000.00$                
Front Loaders Front Loaders 1,980,000.00$             1.00 1,980,000.00$             
HX-101 Heat Exchanger 5,292,000.00$             3.17 16,800,000.00$           
HX-102 Heat Exchanger 142,000.00$                3.17 450,000.00$               
HX-103 Heat Exchanger 87,000.00$                 3.17 276,000.00$               
P-101 Pump 535,000.00$                3.30 1,766,000.00$             
P-102 Pump 103,000.00$                3.30 340,000.00$               
P-103 Pump 41,100.00$                 3.30 136,000.00$               
P-104 Pump 493,000.00$                3.30 1,627,000.00$             
P-105 Pump 19,300.00$                 3.30 63,700.00$                 
P-106 Pump 12,000.00$                 3.30 39,600.00$                 
P-107 Pump 13,200.00$                 3.30 43,600.00$                 
P-108 Pump 12,700.00$                 3.30 41,900.00$                 
P-109 Pump 4,600.00$                   3.30 15,200.00$                 
P-110 Pump 16,600.00$                 3.30 54,800.00$                 
P-111 Pump 3,700.00$                   3.30 12,200.00$                 
P-112 Pump 4,600.00$                   3.30 15,200.00$                 
P-114 Pump 5,000.00$                   3.30 16,500.00$                 
P-115 Pump 4,300.00$                   3.30 14,200.00$                 
P-116 Pump 4,300.00$                   3.30 14,200.00$                 
P-117 Pump 6,200.00$                   3.30 20,500.00$                 
P-118 Pump 4,300.00$                   3.30 14,200.00$                 
P-119 Pump 3,700.00$                   3.30 12,200.00$                 
P-120 Pump 4,200.00$                   3.30 13,900.00$                 
P-121 Pump 3,700.00$                   3.30 12,200.00$                 
P-122 Pump 3,700.00$                   3.30 12,200.00$                 
P-124 Pump 3,700.00$                   3.30 12,200.00$                 
PV-101 Tanks 10,400,000.00$            4.16 43,300,000.00$           
R-101 Reactor 24,900,000.00$            4.16 103,600,000.00$          
RA-101 Accumulator 11,000.00$                  3.05 33,600.00$                 
RA-102 Accumulator 18,700.00$                 3.05 57,000.00$                 
RA-103 Accumulator 14,500.00$                 3.05 44,200.00$                 
Rb-101 Reboiler 76,400.00$                 3.17 242,000.00$               
Rb-102 Reboiler 120,000.00$                3.17 380,000.00$               
Rb-103 Reboiler 110,000.00$                3.17 349,000.00$               
Vac-101 Vacuum System 8,000.00$                   3.30 26,400.00$                 
Vac-102 Vacuum System 7,400.00$                   3.30 24,400.00$                 
S-132 Horizontal Conveyor 56,100.00$                 1.61 90,300.00$                 
T-101 Turbine 114,000.00$                3.30 376,000.00$               
Total 215,985,500.00$          
Process Machinery
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Unit Equipment Purchase Cost Bare Module Factor Bare Module Cost
P-101 Pump 535,000.00$                3.30 1,766,000.00$             
T-102 Pump 114,000.00$                3.30 376,000.00$               
P-102 Pump 103,000.00$                3.30 340,000.00$               
P-103 Pump 41,100.00$                 3.30 136,000.00$               
P-104 Pump 493,000.00$                3.30 1,627,000.00$             
P-105 Pump 19,300.00$                 3.30 63,700.00$                 
P-106 Pump 12,000.00$                 3.30 39,600.00$                 
P-107 Pump 13,200.00$                 3.30 43,600.00$                 
P-108 Pump 12,700.00$                 3.30 41,900.00$                 
P-109 Pump 4,600.00$                   3.30 15,200.00$                 
P-110 Pump 16,600.00$                 3.30 54,800.00$                 
P-111 Pump 3,700.00$                   3.30 12,200.00$                 
P-112 Pump 4,600.00$                   3.30 15,200.00$                 
P-114 Pump 5,000.00$                   3.30 16,500.00$                 
P-115 Pump 4,300.00$                   3.30 14,200.00$                 
P-116 Pump 4,300.00$                   3.30 14,200.00$                 
P-117 Pump 6,200.00$                   3.30 20,500.00$                 
P-118 Pump 4,300.00$                   3.30 14,200.00$                 
P-119 Pump 3,700.00$                   3.30 12,200.00$                 
P-120 Pump 4,200.00$                   3.30 13,900.00$                 
P-121 Pump 3,700.00$                   3.30 12,200.00$                 
P-122 Pump 3,700.00$                   3.30 12,200.00$                 
P-124 Pump 3,700.00$                   3.30 12,200.00$                 
T-102 Pump 114,000.00$                3.30 376,000.00$               
Total 5,049,500.00$             
Spares
Equipment Cost
NaOH 6,600.00$              
Hydrogen 6,000.00$              
Water 2,419.01$              
Tank Cars 80,000.00$             
Total 95,019.01$             
Other Equipment
Ni-W/AC 23,182.00$             
Initial Catalyst Charge
Unit Purchase Cost Bare Module Factor Bare Module Cost
Warehouse 5,437,000.00$             1.00 5,437,000.00$             
H-101 65,800.00$                 3.05 201,000.00$               
H-102 140,000.00$                3.05 427,000.00$               
H-103 221,000.00$                3.05 674,000.00$               
H-104 1,286,000.00$             3.05 3,922,000.00$             
Total 10,661,000.00$           
Storage
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6.6 Fixed-Capital Investment Summary 
 
The purchase prices for the equipment were estimated using ASPEN Icarus 
Process Simulator. The bare module factors used were taken from Guthrie (1974). Spare 
pumps are purchased and included in the summary. In addition, the initial catalyst charge, 
initial feedstock requirements, and storage tanks costs are included in the capital costs. 
These components make up the total bare module cost (CTBM). The costs of site 
preparations (Csite) and service facilities (Cserv) were estimated at 5% each of the total 
bare module cost. Allocated costs for utility plants (Calloc) were set at $0 because we plan 
on purchasing all of our utilities. These costs make up the direct permanent investment 
(CDPI). The costs of contingencies and contractor’s fees (Ccont) were estimated at 18% of 
the CDPI. The direct permanent investment and the cost of contingencies make up the total 
depreciable capital (CTDC)). The cost of land and royalties were estimated at 2% of the 
CTDC. The cost of plant-startup was estimated at 10% of the TTDC. The total permanent 
investment (CTPI) is the sum of the total depreciable capital and the cost of land, royalties 
and startup.  
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Investment	Summary
Bare	Module	Costs
Fabricated	Equipment -$																			
Process	Machinery 215,985,500$						
Spares 5,049,500$										
Storage 10,661,000$							
Other	Equipment 95,019$													
Catalysts 23,182$													
Computers,	Software,	Etc. -$																			
Total	Bare	Module	Costs: 231,814,201$						
Direct	Permanent	Investment
Cost	of	Site	Preparations: 11,590,710$							
Cost	of	Service	Facilities: 11,590,710$							
Allocated	Costs	for	utility	plants	and	related	facilities: -$																			
Direct	Permanent	Investment 254,995,621$						
Total	Depreciable	Capital
Cost	of	Contingencies	&	Contractor	Fees 45,899,212$							
Total	Depreciable	Capital 300,894,833$						
Total	Permanent	Investment
Cost	of	Land: 6,017,897$										
Cost	of	Royalties: 6,017,897$										
Cost	of	Plant	Start-Up: 30,089,483$							
Total	Permanent	Investment	-	Unadjusted 343,020,110$						
Site	Factor 1.00
Total	Permanent	Investment 343,020,110$						
Working	Capital
2013 2014 2015
Accounts	Receivable 1,898,314$										 949,157.13$									 949,157.13$						
Cash	Reserves 3,810,280$										 1,905,139.97$						 1,905,139.97$					
Accounts	Payable (2,579,810)$									 (1,289,904.91)$					 (1,289,904.91)$				
Ethylene	Glycol	Inventory 328,342$												 164,170.79$									 164,170.79$						
Raw	Materials 29,175$													 14,587.59$										 14,587.59$									
Total 3,486,301$										 1,743,151$									 1,743,151$									
Present	Value	at	15% 3,031,566$										 1,318,072$										 1,146,150$									
Total	Capital	Investment 348,515,898$						
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6.7 Other Important Considerations 
 
6.7.1 Environmental and Safety Concerns 
 
 One major concern is the use of highly pressurized hydrogen gas throughout the 
process.  Hydrogen gas has a lower explosion limit of 4% and is capable of autoignition 
at temperatures above 585°C. (“Module 1: Hydrogen Properties - Hydrogen Fuel Cell 
Engines and Related Technologies,” 2001)  When working with pressurized hydrogen 
gas, it is necessary to take certain precautions to avoid leaks that could lead to explosions.  
These precautions include using a reactor with a wall thickness greater than 3.5 inches to 
insure that it may withstand the pressurized contents, minimizing leaks through welded 
joints, and including shut-off valves in case of emergency. 
 
 Along with the hydrogen used to pressurize the vessel, several gaseous 
byproducts leave the reactor vessel and are later separated into a gas stream to be 
recycled to the inlet of the reactor.  These byproducts include methane and carbon 
dioxide.  In order to maintain a standard of purity for hydrogen input into the reactor, a 
purge stream is necessary.  Some gas from the purge stream is used in the catalyst 
regeneration process.  However, the majority of the gas in the stream is sent to a flare.  
The combustion of these byproducts release carbon dioxide and water vapor into the 
atmosphere.  It is important to burn the gaseous stream in excess air in order to achieve 
conversion to carbon dioxide rather than toxic carbon monoxide.  This is achieved by 
mixing the purge stream with air before sending it to the flare. 
 
 The final major concern deals with the handling of the product, ethylene glycol.  
Ethylene glycol is a skin and respiratory irritant and toxic if ingested above certain 
amounts.  The American Conference of Governmental Industrial Hygienists assigns a 
maximum concentration of ethylene glycol in the workspace as 50 ppm. (US Dept of 
Health and Human Services, 1995)  In order to adhere to these regulations, the product 
will be pumped into an airtight storage container before transport to customers.  Ideally, 
the containers should be stored outside.  If not, general dilution ventilation will be 
installed to maintain a concentration of 50 ppm in the workspace.  Autoignition is not a 
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concern since the autoignition temperature of ethylene glycol vapor is 398°C.  However, 
the flash point of ethylene glycol occurs at 111°C, and special precautions should be 
taken to ensure that the ethylene glycol does not come into contact with oxidizers, heat, 
sparks and open flames. (MSDS – Ethylene Glycol, Appendix A.4)   When handling 
ethylene glycol, only non-sparking tools may be used, and containers should be grounded 
during transfers. 
 
6.7.2 Catalyst Regeneration 
 
 In order to achieve the specified yield, a non-traditional nickel-tungsten on 
activated carbon (Ni-W/AC) catalyst was required.  As this catalyst is not commercially 
available, it was necessary to estimate costs associated with the catalyst and regeneration.  
The cost of the catalyst, $5.08/lb, was based off the individual costs of the components: 
nickel, tungsten and activated carbon.  Every 6 months, the catalyst must undergo a 
regeneration process to remove coke build up in order to maintain its efficacy and the rate 
of reaction.  The catalyst would have to be sent to the supplier for recovery.  The cost of 
catalyst regeneration is based on the assumption that the supplier will pay half the cost of 
the metals returned for regeneration and the catalyst would then be repurchased.  The 
initial cost of the catalyst is $23,183, and the cost of regeneration is $12,275 per year.  
Regenerating the catalyst rather than purchasing new catalyst has significant economic 
advantages. 
 
6.7.3 Startup Considerations 
 
 During the initial start-up phase, several additional considerations must be 
accounted for.  The supply of switchgrass is an important concern for this process.  The 
ideal situation would allow for weekly shipments of switchgrass from suppliers to the 
plant. However, in general, switchgrass is harvested twice a year.  It may be necessary to 
have bulk storage facilities for a 6-month supply of switchgrass.  In the case of a poor 
harvest, an additional 6-month back-up supply of switchgrass may be stored in order to 
keep the plant running while finding a secondary source of switchgrass.  A second 
concern is the charging of the reactor with Ni-W/AC catalyst prior to operation.  The 
catalyst regeneration should take less than two days and will occur during plant shutdown 
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dates.  Parts of the process that utilize utilities produced downstream will need to rely on 
purchased steam and electricity until the start-up phase is complete and the process has 
reached steady state. 
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6.8 Operating Costs and Economic Analysis 
 
In order to calculate the working capital, the cash reserves, inventories, accounts 
payable, and accounts receivable need to be calculated. The cash reserves were calculated 
as 8.33% of the annual cost of manufacture, excluding raw materials. Inventories were 
calculated as 1.92% of annual sales of ethylene glycol and propylene glycol. Accounts 
payable was calculated as 8.33% of the annual feedstocks costs, including utilities. 
Accounts receivable were calculated as 8.33% of annual sales. The working capital, CWC, 
is equal to the cash reserves plus the inventories and accounts receivable, less the 
accounts payable. This number amounted to $7,747,000. The total capital investment, 
calculated as the sum of the total permanent investment and the present value of the 
working capital at 15%, is $349,000,000.  
 
The project, as it is, is unprofitable. Our annual costs, $98,600,000, far exceed our 
annual sales, $46,200,000.  This is mainly due to the large amount of water being cycled 
through the system. The water needs to be heated and condensed throughout the process, 
requiring a large amount of steam and cooling water. Our return on investment (ROI), 
calculated as net earnings divided by total capital investment, is -22.8%. Our net present 
value for a 17-year project is negative $565,400,000. Our investor’s rate of return is also 
negative. 
 
 
 
Profitability	Measures
The	Internal	Rate	of	Return	(IRR)	for	this	project	is: Negative	IRR
Net	Present	Value	of	this	project	in	2012	is: (565,453,700.00)$		 -565453650.8
ROI	Analysis	(Third	Production	Year)
Annual	Sales 46,192,300.00						
Annual	Costs (98,557,139.17)					
Depreciation (27,441,608.76)					
Income	Tax -																					
Net	Earnings (79,806,447.93)					
Total	Capital	Investment 349,992,711.82				
ROI -22.80%
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 6.8.1 Cost Summary  
 
 
Variable	Cost	Summary
Variable	Costs	at	100%	Capacity:
General	Expenses
Selling	/	Transfer	Expenses: 513,248$												
Direct	Research: 2,463,590$										
Allocated	Research: 256,624$												
Administrative	Expense: 1,026,496$										
Management	Incentive	Compensation: 641,560$												
Total	General	Expenses 4,901,518$										
Raw	Materials $0.111804 per	lb	of	Ethylene	Glycol $11,832,160
Byproducts $0.148618 per	lb	of	Ethylene	Glycol ($15,255,584)
Utilities $0.564233 per	lb	of	Ethylene	Glycol $57,918,253
Total	Variable	Costs 59,396,347$								
Fixed	Cost	Summary
Operations
Direct	Wages	and	Benefits 2,772,000$										
Direct	Salaries	and	Benefits 415,800$												
Operating	Supplies	and	Services 166,320$												
Technical	Assistance	to	Manufacturing -$																			
Control	Laboratory -$																			
Total	Operations 3,354,120$										
Maintenance
Wages	and	Benefits 13,540,267$							
Salaries	and	Benefits 3,385,066.87$						
Materials	and	Services 13,540,267$							
Maintenance	Overhead 677,013$												
Total	Maintenance 31,142,615$								
Operating	Overhead
General	Plant	Overhead: 1,428,033$										
Mechanical	Department	Services: 482,715$												
Employee	Relations	Department: 1,186,675$										
Business	Services: 1,488,372$										
Total	Operating	Overhead 4,585,795$										
Property	Taxes	and	Insurance
Property	Taxes	and	Insurance: 6,017,897$										
Other	Annual	Expenses
Rental	Fees	(Office	and	Laboratory	Space): -$																			
Licensing	Fees: -$																			
Miscellaneous: -$																			
Total	Other	Annual	Expenses -$																			
Total	Fixed	Costs 45,100,426.50$		
 110 
 
 
 
 
UTILITY REQUIREMENTS
 111 
6.9 Utility Requirements 
 
For this process, electricity, cooling water, and steam at various pressures, 50-
psig, 100-psig, 150-psig, 450-psig, and 550-psig, are required. Fuel is generated by 
burning the purge and byproduct streams. The turbine (T-101) generates 10,580,000 kWh 
per year of electricity for the other pumps and compressors.  However, this is not 
sufficient, so 86,070,000 kWh per year of electricity needs to be purchased. Cooling 
water is used by the three distillation towers, the heat exchanger from the third flash 
vessel and the product condenser. The required amount of cooling water is reduced by 
using the energy from the flash vessel F-102 in the heat exchanger jacket on F-103 and 
the energy from F-103 in the heat exchanger on F-104. The first flash vessel in the 
evaporation system, F-102 uses 1,000,000 Btu per hour of steam energy. This is the 
energy subsequently sent to the heat exchanger jackets. The total cost of utilities each 
year is $58,000,000.  
 
 
 
Unit
C-101
C-102
CR-101
Fan-101
P-101
P-102
P-103
P-104
P-105
P-106
P-107
P-108
P-109
P-110
P-111
P-112
P-114
P-114
P-115
P-116
P-117
P-118
P-119
P-120
P-121
P-122
P-123
P-124
PV-101
S-132
T-101
Total
Electricity
kWh/yr Cost	($/yr)
960,775												 57,600.00$										
1,958,980									 118,000.00$								
619,587												 37,200.00$										
465,413												 27,900.00$										
23,574,989							 1,414,000.00$					
4,177,973									 251,000.00$								
2,250,807									 135,000.00$								
23,449,640							 1,407,000.00$					
87,986														 5,300.00$												
74,185														 4,500.00$												
87,986														 5,300.00$												
87,732														 5,300.00$												
9,215																 553.00$															
249,181												 15,000.00$										
450																		 27.00$																
11,168														 670.00$															
295																		 18.00$																
324,601												 19,500.00$										
4,710																 283.00$															
2,016																 121.00$															
37,636														 2,300.00$												
1,300																 78.00$																
1,202																 72.00$																
2,475																 148.00$															
63																				 4.00$																		
348																		 21.00$																
324,601												 19,500.00$										
41																				 2.00$																		
37,833,633							 2,270,000.00$					
46,728														 2,800.00$												
(10,578,110)						 (634,687.00)$							
86,067,606							 5,164,510.00$				
Unit
Con-102
Con-103
Con-104
Con-105
Vac-101-Con
Vac-102-Con
Total
CW
lb/yr Cost	($/yr)
7,782,456,000.00							 699,000.00$								
5,847,864,000.00							 526,000.00$								
8,091,336,000.00							 727,000.00$								
1,301,493,600.00							 117,000.00$								
101,282,227.00										 9,100.00$												
84,946,646.00											 7,600.00$												
23,209,378,473.00				 2,085,700.00$					
Unit lb/yr Cost	($/yr)
HX-102 510,041,686									 3,570,000.00$							
HX-103 7,767,103													 54,400.00$												
F-105 310,342,993									 2,048,000.00$							
Rb-101 246,616,522									 1,628,000.00$							
Rb-102 296,240,447									 1,955,000.00$							
150-psig Rb-103 48,246,184											 232,000.00$										
Vac-101-Injector 2,466,288													 10,100.00$												
Vac-102-Injector 2,068,506													 8,500.00$														
50-psig F-102 8,838,299,297						 26,500,000.00$					
Total 10,262,089,026				 36,006,000.00$				
Steam
550-psig	
450-psig
100-psig
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6.10 Energy Balance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Unit
P-111
P-112
P-115
P-117
P-118
P-106
P-108
P-110
P-114
P-116
C-102
T-101
P-124
P-120
P-119
P-122
P-109
P-105
P-107
C-101
P-101
P-121
P-104
CR-101
PV-101
P-102
P-103
P-123
P-113
Fan-101
S-132
Total
Electricity
Btu/hr
194															
4,811													
2,029													
16,214											
560															
31,960											
37,796											
107,349									
127															
869															
843,945									
(4,557,135)					
18																	
1,066													
518															
150															
37,905											
3,970													
37,905											
413,910									
10,156,296				
27																	
10,102,294				
266,923									
16,299,035				
1,799,905						
969,666									
139,841									
139,841									
200,504									
20,131											
37,078,624				
Unit Btu/hr
Con-104 30,649,000								
Con-103 22,151,000								
Con-101 1,056,100,000			
Con-105 4,929,900										
Con-102 29,479,000								
Vac-101-Con 383,645													
Vac-101-Con 321,768													
Total 1,144,014,313			
Cooling	Water
Unit Btu/hr
HX-103 688,840																
HX-102 45,234,000											
Rb-102 30,129,000											
F-105 31,289,000											
Rb-101 24,425,000											
150-psig Rb-103 5,036,000													
Vac-101-Injector 276,803																
Vac-102-Injector 232,158																
50-psig F-102 1,000,000,000						
Total 1,137,310,801						
Total	Energy	Requirement 2,318,403,738			
550-psig
450-psig
100-psig
Steam
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6.11 Sensitivity Analyses 
 
Currently, the process uses a 1:100 ratio of cellulose to water. This results in a 
large amount of water required to reach the goal of 100M pounds of ethylene glycol a 
year. The patent suggests that the process could work with a ratio as small as 1:4 of 
cellulose to water. Even though this ratio would use much less water, thus resulting in 
lower utilities costs, this ratio was not used for the process because there was not enough 
data.  However, for this analysis, we are assuming that the conversions and yields are 
lower when less water is used. We are also assuming that the variable costs are halved 
when the amount of water used for the process is halved. This is a fair assumption 
because most of the variable costs are the cost of utilities and the cost of utilities comes 
mostly from heating and cooling the water. The total permanent investment also 
decreases when the amount of water used in the process is decreased because smaller and 
less equipment is needed. However, this would only affect the equipment with water in 
them, so a fair assumption of the decrease in the total permanent investment is 30% for 
each halving of the water.  
 
At 50% of the variable costs and 70% of the total permanent investment, or a 1:50 
ratio of cellulose to water, the investor’s rate of return is still negative. The net present 
value is negative $228,600,000. If the amount of water is halved again, and following the 
assumptions made above, the variable costs would be 25% of the original and the total 
permanent investment should be 49% of the original. At these numbers, the IRR is -
0.69%, which is close to breaking even. The net present value is -$54,900,000. At the 1:4 
ratio, the least amount of water stated in the patent, the variable cost is 4% of the original. 
The total permanent investment is 8% of the original. At these costs, the IRR is 291%, an 
extremely high positive number, which is very desirable. The net present value is 
$103,300,000. While these are promising numbers, the technology may not yet be ready. 
More research needs to be done to confirm that the yield of our product at a 1:4 ratio of 
cellulose to water is similar to the yield of the product at the 1:100 ratio of cellulose to 
water. Otherwise, even though the variable costs may go down, more costs would be 
acquired in the front end of the process because more switchgrass would need to be 
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purchased in order to reach the goal of 100M pounds of ethylene glycol a year. This 
would result in more costs for storage and pretreatment.  
 
In order to break even within the 17 years, the variable costs would need to be 
19.5% of the original, or about a 1:20 ratio of cellulose to water, and the total permanent 
investment would need to be 38.5% of the original. At this point, the IRR is 15.6% and 
the net present value is $1,490,000. 
 
The product, ethylene glycol, is currently priced at $0.50 per pound. A more 
realistic price is $0.65 per pound of ethylene glycol. However, even at this price, we have 
a negative IRR. Keeping all costs the same, and increasing only price, the IRR is still 
negative at double the price. In fact, in order for the NPV to reach a positive number 
within the 17 years of operation, the price would need to be $2.10 per pound of ethylene 
glycol, an unrealistic prospect. 
 
 
 
 
 
 
Profitability	Measures
The	Internal	Rate	of	Return	(IRR)	for	this	project	is: Negative	IRR
Net	Present	Value	of	this	project	in	2012	is: (565,453,700.00)$		 -565453650.8
ROI	Analysis	(Third	Production	Year)
Annual	Sales 46,192,300.00						
Annual	Costs (98,557,139.17)					
Depreciation (27,441,608.76)					
Income	Tax -																					
Net	Earnings (79,806,447.93)					
Total	Capital	Investment 349,992,711.82				
ROI -22.80%
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6.11.1 Sensitivity Analyses Tables 
 
 
Sensitivity	Analyses
Note:	The	Sensitivity	Analyses	section	below	takes	quite	a	bit	of	memory	to	update	each	time	a	cell	is	changed;	therefore,	automatic	calculations	are	turned	off.
	After	making	your	axis	selections,	press	"F9"	to	recalculate	the	IRR	values.		(These	two	lines	may	be	deleted	before	printing.)
x-axis
y-axis
$59,396,347.41 $53,456,712.67 $47,517,077.93 $41,577,443.19 $35,637,808.45 $29,698,173.71 $23,758,538.97 $17,818,904.22 $11,879,269.48 $5,939,634.74 $0.00
Negative	IRR 100% 90.0% 80.0% 70.0% 60.0% 50.0% 40.0% 30.0% 20.0% 10.0% 0.0%
$343,020,109.51 100% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -22%
$308,718,098.56 90.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -24% -15%
$274,416,087.61 80.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -15% -9%
$240,114,076.66 70.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -15% -8% -3%
$205,812,065.71 60.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -16% -7% -1% 4%
$171,510,054.76 50.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -17% -6% 2% 8% 12%
$137,208,043.80 40.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -4% 6% 13% 19% 25%
$102,906,032.85 30.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -2% 11% 22% 31% 39% 47%
$68,604,021.90 20.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR -1% 21% 38% 53% 69% 85% 100%
$34,302,010.95 10.00% Negative	IRR Negative	IRR Negative	IRR -1% 39% 77% 118% 154% 184% 215% 245%
$0.00 0.00% Negative	IRR Negative	IRR -11% 55% 127% 204% 285% 367% 450% 534% 618%
To
ta
l	P
e
rm
an
e
n
t	
In
ve
st
m
e
n
t
Variable	Costs
Vary	Initial	Value	by	+/-
100%
100%
$59,396,347.41 $53,456,712.67 $47,517,077.93 $41,577,443.19 $35,637,808.45 $29,698,173.71 $23,758,538.97 $17,818,904.22 $11,879,269.48 $5,939,634.74 $0.00
Negative	IRR 100% 90.0% 80.0% 70.0% 60.0% 50.0% 40.0% 30.0% 20.0% 10.0% 0.0%
$0.50 100% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -22%
$0.70 140.00% Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR Negative	IRR -19% -13% -10% -7%
$0.90 180.00% Negative	IRR Negative	IRR Negative	IRR -23% -16% -11% -8% -5% -3% -1% 1%
$1.10 220.00% -19% -14% -10% -7% -4% -2% 0% 2% 3% 5% 6%
$1.30 260.00% -6% -3% -1% 1% 2% 4% 6% 7% 8% 10% 11%
$1.50 300.00% 2% 3% 5% 6% 8% 9% 10% 11% 13% 14% 15%
$1.70 340.00% 7% 8% 9% 11% 12% 13% 14% 15% 16% 17% 18%
$1.90 380.00% 11% 12% 14% 15% 16% 17% 18% 19% 20% 21% 22%
$2.10 420.00% 15% 16% 17% 18% 19% 20% 21% 22% 23% 24% 25%
$2.30 460.00% 19% 20% 21% 22% 23% 24% 25% 26% 27% 28% 28%
$2.50 500.00% 22% 23% 24% 25% 26% 27% 28% 29% 30% 30% 31%
P
ro
d
u
ct
	P
ri
ce
Variable	Costs
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7.0 Conclusions and Recommendations 
 
 Based upon the information in U.S. Patent 7,960,594 and the careful process 
design discussed in this report, the implementation of this project is feasible.  All raw 
materials are available in the appropriate quantities with the exception of the Ni-W/AC 
catalyst.  It is still possible to obtain the catalyst by licensing out the technology used to 
produce the catalyst to a company such as BASF. All equipment used for production is 
commercially available to fit the necessary specifications. 
 
 However, due to current technological limitations, the process as described in this 
document is not financially feasible.  The net present value of this project is negative 
$565,500,000 with a negative return on investment.  The major reasons causing the 
financial issues are due to the current technological development of the method of 
producing ethylene glycol from cellulose.  The data provided in the referenced patent was 
obtained from laboratory-scale experiments.  Since plant-scale data could not be obtained 
during the course of this project, the process was modeled to fit the specifications of 
laboratory-scale experiments that had not been optimized for industry.  
 
 As discussed in the sensitivity analysis, varying the amount of required solvent as 
well as the product price has serious consequences for the profitability analysis of the 
process.  Using sensitivity analysis and cost estimation, a five-fold increase in 
concentration of cellulose in water throughout the process would result in the process 
breaking even with an IRR of 15.6%.  At this time, there is not enough laboratory data to 
determine whether this increase in concentration would have negative effects on the yield 
of ethylene glycol.  However, with further experimental studies to confirm the possibility 
to reduce the solvent requirement, this process could become extremely profitable. 
 
 While the current version of the process is unprofitable, we expect that the further 
development of the technology described in the referenced patent will allow for profitable 
future versions of this process.  Another possibility for creating a profitable process 
would be to obtain government subsidies for the production of ethylene glycol from 
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“green” materials.  In either case, it is recommended by the design team that the 
management retain this report for future reference.  
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A.2 U.S. Relevant Patents 
 
Method for the Separation of Water Soluble Polyols 
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Method of Preparing Ethylene Glycol from Cellulose 
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A.3 Profitability Analysis Spreadsheets 
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Variable	Cost	Summary
Variable	Costs	at	100%	Capacity:
General	Expenses
Selling	/	Transfer	Expenses: 513,248$												
Direct	Research: 2,463,590$										
Allocated	Research: 256,624$												
Administrative	Expense: 1,026,496$										
Management	Incentive	Compensation: 641,560$												
Total	General	Expenses 4,901,518$										
Raw	Materials $0.111804 per	lb	of	Ethylene	Glycol $11,832,160
Byproducts $0.148618 per	lb	of	Ethylene	Glycol ($15,255,584)
Utilities $0.564233 per	lb	of	Ethylene	Glycol $57,918,253
Total	Variable	Costs 59,396,347$								
Fixed	Cost	Summary
Operations
Direct	Wages	and	Benefits 2,772,000$										
Direct	Salaries	and	Benefits 415,800$												
Operating	Supplies	and	Services 166,320$												
Technical	Assistance	to	Manufacturing -$																			
Control	Laboratory -$																			
Total	Operations 3,354,120$										
Maintenance
Wages	and	Benefits 13,540,267$							
Salaries	and	Benefits 3,385,066.87$						
Materials	and	Services 13,540,267$							
Maintenance	Overhead 677,013$												
Total	Maintenance 31,142,615$								
Operating	Overhead
General	Plant	Overhead: 1,428,033$										
Mechanical	Department	Services: 482,715$												
Employee	Relations	Department: 1,186,675$										
Business	Services: 1,488,372$										
Total	Operating	Overhead 4,585,795$										
Property	Taxes	and	Insurance
Property	Taxes	and	Insurance: 6,017,897$										
Other	Annual	Expenses
Rental	Fees	(Office	and	Laboratory	Space): -$																			
Licensing	Fees: -$																			
Miscellaneous: -$																			
Total	Other	Annual	Expenses -$																			
Total	Fixed	Costs 45,100,426.50$		
 152 
 
 
 
 
 
 
 
 
 
 
Investment	Summary
Bare	Module	Costs
Fabricated	Equipment -$																			
Process	Machinery 215,985,500$						
Spares 5,049,500$										
Storage 10,661,000$							
Other	Equipment 95,019$													
Catalysts 23,182$													
Computers,	Software,	Etc. -$																			
Total	Bare	Module	Costs: 231,814,201$						
Direct	Permanent	Investment
Cost	of	Site	Preparations: 11,590,710$							
Cost	of	Service	Facilities: 11,590,710$							
Allocated	Costs	for	utility	plants	and	related	facilities: -$																			
Direct	Permanent	Investment 254,995,621$						
Total	Depreciable	Capital
Cost	of	Contingencies	&	Contractor	Fees 45,899,212$							
Total	Depreciable	Capital 300,894,833$						
Total	Permanent	Investment
Cost	of	Land: 6,017,897$										
Cost	of	Royalties: 6,017,897$										
Cost	of	Plant	Start-Up: 30,089,483$							
Total	Permanent	Investment	-	Unadjusted 343,020,110$						
Site	Factor 1.00
Total	Permanent	Investment 343,020,110$						
Working	Capital
2013 2014 2015
Accounts	Receivable 1,898,314$										 949,157.13$									 949,157.13$						
Cash	Reserves 3,810,280$										 1,905,139.97$						 1,905,139.97$					
Accounts	Payable (2,579,810)$									 (1,289,904.91)$					 (1,289,904.91)$				
Ethylene	Glycol	Inventory 328,342$												 164,170.79$									 164,170.79$						
Raw	Materials 29,175$													 14,587.59$										 14,587.59$									
Total 3,486,301$										 1,743,151$									 1,743,151$									
Present	Value	at	15% 3,031,566$										 1,318,072$										 1,146,150$									
Total	Capital	Investment 348,515,898$						
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A.4 Utilities Calculations 
 
Required Steam 
DT-101 
Heat duty: 2.44 × 10
7
 Btu/hr 
Temperature: 396.32°F 
Saturation Temperature of 150-psig steam: 365°F < 396.32°F 
Saturation Temperature of 450-psig steam: 459°F > 396.32°F 
Using a driving force of 45°F, the saturated steam pressure at 396.32+45=441.32°F is 
386.7 psia 
The latent heat of vaporization of steam = 784.4 Btu/lb 
Required amount of steam: 
               
        
   
 
        
   
  
     
   
  
         
  
  
 
 
Required Cooling Water Calculation 
Con-103 
Heat Duty: 2.22 × 10
7
 Btu/hr 
Assuming inlet T of cooling water: 90°F 
Assuming outlet T of cooling water: 120°F 
Cp of water: 1 Btu/lb-°F 
                      
        
     
 
        
   
  
 
   
     
            
         
  
  
 
 
 
Heating Value 
S-105 
HHV Hydrogen: 322 Btu/cuft 
HHV Methane: 1012 Btu/cuft 
HHV Ethane: 1786 Bty/cuft 
Total Mass Flow: 4609.4 lb/hr 
Density of stream: .0893 lb/cuft 
                    
  
 
                    
       
               
 
   
   
       
   
       
   
  
     
  
   
        
  
  
          
   
  
  
 
Reflux Pump 
P-114 
Mass flow rate: 1899.9 lb/hr 
Tower height = 52 ft 
Gravitational acceleration: 32.174 ft/s
2
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A.5 MSDS and Compound Data 
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